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4EXECUTIVE SUMMARY

-This report presents the results of a treatability study performed by Parsons
Engineering Science, Inc. (Parsons ES) at the FT-1 Site, Fairchild Air Force Base,
Washington to evaluate remediation by natural attenuation (RNA) of dissolved fuel-
hydrocarbons and chlorinated solvents in the shallow groundwater. RNA will
supplement the engineered remedial actions prescribed in the Rccord of Decision
(ROD). Residual nonaqueous-phase liquid (NAPL) present within the vadose zone and
phreatic soils serves as a continuing source for the dissolved groundwater
contamination. There is no evidence of mobile NAPL at this site. This study focused
on the fate and transport of dissolved benzene, toluene, ethylbenzene, and xylene
(BTEX) in the shallow groundwater system at the site. Dissolved chlorinated aliphatic
hydrocarbons (CAHs) also are present in the shallow groundwater; therefore, the
potential for RNA of these compounds was investigated as well. Site history and the
results of soil and groundwater investigations conducted previously are also
summarized in this report.

Comparison of BTEX, CAH, electron acceptor, and biodegradation byproduct 0
isopleth maps for Site FT-i provides strong qualitative evidence of biodegradation of
BTEX and CAHs.,, Geochemical data strongly suggest that biodegradation of fuel
hydrocarbons is occu~ring at the site via aerobic respiration and the anaerobic processes
of denitrification, iron reduction, sulfate reduction, and methanogenesis. Patterns
observed in the distribution of hydrocarbons, electron acceptors, and biodegradation

4 byproducts further indicate that biodegradation is reducing dissolved BTEX 0
concentrations in site groundwater. In addition, the ratio of trichloroethene (TCE) and
cis- 1,2-dichloroethene (1,2-DCE) to the daughter product vinyl chloride (VC) suggests
that chlorinated solvents in the groundwater are being degraded through reductive
dehalogenation.

An important component of this study was an assessment of the potential for 0
contamination in groundwater to migrate from the source areas to potential receptors.
The Bioplume H numerical model was used to evaluate the fate and transport of
dissolved BTEX in the shallow groundwater under the influence of advection,
dispersion, sorption, and biodegradation. Input parameters for the Bioplume I model
were obtained from previous site characterization data, supplemented with data
collected by Parsons ES. Model parameters that were not measured at the site were
estimated using reasonable literature values.

The results of this demonstration suggest that RNA of BTEX and CAHs is occurring
at FT-1; furthermore, the estimated rates of biodegradation, when coupled with the
effects of sorption, dispersion, and dilution, should be sufficient to reduce and maintain
dissolved BTEX and CAHs at levels below current regulatory guidelines long before
potential downgradient receptors could be adversely affected. Nevertheless, dissolved
concentrations of BTEX and chlorinated solvents are predicted to remain in shallow site
groundwater for at least 34 years without engineered source reduction. Given the
possible stabilization and retreat of the dissolved BTEX plume, RNA with LTM is a
viable remedial option for BTEX-impacted groundwater at the site. However, due to
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- the ROD cleanup goal for benzene [5 micrograms per liter (gg/L)], RNA with LTM I
should be used to complement the ROD-mandated bioventing and air sparging systems. 0
When bioventing and air sparging are incorporated into the site groundwater model, the
model predicts it will take approximately 19 years to reduce dissolved benzene
concentrations to below 5 gg/L.

To verify the results of the analytical modeling effort, and to ensure that RNA is
occurring at rates sufficie, protect potential downgradient receptors, groundwater
from 10 LTM wells, inch, 7 plume-extent wells and 3 downgradient base-boundary
wells, should be sampleWi wu analyzed for BTEX compounds by US Environmental
Protection Agency (USEPA) Method SW8020 and chlorinated solvents by USEPA
method SW8010 (or equivalent). These wells should be sampled annually for 10 years.
At that time, sampling could cease, decrease in frequency, or continue annually as
dictated by the analytical results. If dissolved BTEX or CAH concentrations in
groundwater collected from the downgradient base-boundary wells exceed ROD or
regulatory criteria, additional evaluation or corrective action may be necessary at this
site.

ES-2
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A

SECTION 1

INTRODUCTION

This report was prepared by Parsons Engineering Science, Inc. [(Parsons ES),
formerly Engineering-Science Inc. (ES)] and presents the results of a Treatability Study
(TS) conducted to evaluate remediation by natural attenuation (RNA), or intrinsic
remediation, of fuel-hydrocarbon- and chlorinated-solvent-contaminated groundwater at
Fire Training Area 1 (1T-i) at Fairchild Air Force Base (AFB), Spokane, Washington.
In June 1993, a record of decision (ROD) was issued for several sites at Fairchild AFB,
including FT-1 [Halliburton NUS (HINUS), 1993a]. The ROD identifies benzene as
the primary contaminant of concern (COC) for FT-i and specifies the use of air
sparging in the remediation system. The main emphasis of the work described herein
was to evaluate the effectiveness of natural attenuation mechanisms, in concert with
proposed air sparging system configurations, in reducing dissolved benzene
concentrations in groundwater to levels that comply with the mandates of the ROD.
Although other fuel hydrocarbon and chlorinated solvent compounds were not
identified in the ROD as COCs for FT-1, the potential for natural attenuation 0
mechanisms to effectively reduce low, dissolved concentrations of these compounds in
site groundwater also was qualitatively considered.

As used in this report, RNA refers to a management strategy that relies on natural
attenuation mechanisms to remediate contaminants dissolved in groundwater and to
control receptor exposure risks associated with contaminants in the subsurface. The
United States Environmental Protection Agency (USEPA) Office of Research and
Development (ORD) and Office of Solid Waste and Emergency Response (OSWER)
define natural attenuation as:

The biodegradation, dispersion, sorption, volatilization, and/or
chemical and biochemical stabilization of contaminants to
effectively reduce contaminant toxicity, mobility, or volume to
levels that are protective of human health and the ecosystem.

As suggested by this definition, mechanisms for natural attenuation of benzene and
other organic compounds include advection, dispersion, dilution from recharge,
sorption, volatilization, and biodegradation. Of these processes, biodegradation is the
only mechanism working to transform contaminants into innocuous byproducts.
Contaminant destruction occurs through biodegradation when indigenous
microorganisms work to bring about a reduction in the total mass of contamination in
the subsurface without artificial intervention (e.g., the addition of nutrients). Patterns

1-1
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and rates of natural attenuation can vary markedly from site to site, and within a single
contaminant plume at a given site, depending on governing physical and chemical 0
processes.

1.1 SCOPE AND OBJECTIVES

Parsons ES, in conjunction with researchers from the USEPA National Risk
Management Research Laboratory (NRMRL) Subsurface Protection and Remediation
Division, was retained by the United States Air Force Center for Environmental
Excellence (AFCEE) Technology Transfer Division to conduct site characterization and
groundwater modeling to evaluate the scientific defensibility of RNA with long-term
monitoring (LTM) as a component of remediation for contaminated groundwater at FT-1. D

There were two primary objectives of this project:

"* Determine whether natural attenuation processes for fuel hydrocarbons and
chlorinated solvents are occurring in groundwater at the site, and if so,

*
"* Investigate the use of these processes as a component of the ROD-specified

remediation system to minimize the expansion of the benzene plume and to
ensure compliance with groundwater protection standards set forth in the ROD.

0 These objectives were accomplished by: D *
"* Reviewing previously reported hydrogeologic, soil and groundwater quality data

for the site;

"* Conducting supplemental site characterization activities to determine the nature
and extent of soil and groundwater contamination; *

"* Collecting geochemical data in support of RNA;

"* Developing a conceptual hydrogeologic model of the shallow saturated zone,
including the current distribution of contaminants;

S
" Evaluating site-specific data to determine whether natural processes of

contaminant attenuation and destruction are occurring in groundwater for
dissolved concentrations of fuel hydrocarbon and chlorinated solvent compounds
at the site;

"* Using the Bioplume II numerical model to simulate the fate and transport of
benzene in groundwater under the influence of biodegradation, advection,
dispersion, and adsorption;

" Evaluating a range of model input parameters to determine the sensitivity of the
model to those parameters and to consider several contaminant fate and transport
scenarios;

1-2
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FINAL

"* Determining if natural processes in concert with air sparging are sufficient to
reduce dissolved benzene concentrations and limit benzene plume expansion in
order to attain compliance with the ROD;

"• Using the results of modeling to recommend the most appropriate air sparging
configuration; and

"• Providing a LTM plan that includes LTM and point-of-compliance (POC) well
locations and a sampling and analysis plan.

The field work conducted under this program was oriented toward collecting
supplementary hydrogeological and chemical data necessary to document and model
natural attenuation mechanisms currently operating at the site. During November
1995, site characterization activities included use of the Geoprobe® direct-push
technology for soil sample collection and temporary monitoring point installation;
aquifer testing; and sampling and analysis of groundwater from temporary groundwater
monitoring points and previously installed monitoring wells. In May 1996, a
temporary Geoprobe® monitoring point was installed within the FT-1 burn pit to further
characterize site groundwater. Much of the hydrogeological and groundwater chemical
data necessary to evaluate RNA were available from previous investigations conducted
at this site, at other sites with similar characteristics, or in technical literature.

Site-specific data were used to develop a fate and transport model for the site, using
the groundwater flow and solute transport model Bioplume II, to evaluate processes of
natural attenuation. The Bioplume II model was used to simulate the movement of
dissolved benzene in the shallow saturated zone under the influence of biodegradation,
advection, dispersion, and sorption. Results of the model were used to assess the
effectiveness of natural attenuation mechanisms in concert with proposed air sparging
configurations at achieving the conditions of the ROD.

Site-specific data also were used to qualitatively evaluate the potential fate and

transport of trichloroethene (TCE), cis-l ,2-dichloroethene (cis-I,2-DCE), and vinyl
chloride in the presence of fuel hydrocarbons. Potential biological degradation of these
chlorinated solvents via reductive dehalogenation and cometabolic processes was
addressed qualitatively.

This report contains eight sections, including this introduction, and four appendices.
Section 2 summarizes site characterization activities. Section 3 summarizes the
physical characteristics of the study area. Section 4 describes the nature and extent of
soil and groundwater contamination and the geochemistry of soil and groundwater at
the site. Section 5 describes the Bioplume II model and design of the conceptual model
for the site, lists model assumptions and input parameters, and describes sensitivity
analysis, model output, and the results of the Bioplume II modeling. Section 5 also
includes a qualitative analysis of the fate and transport of chlorinated solvents. Section
6 describes how natural attenuation acts in concert with the ROD-specified air sparging
system to achieve groundwater remediation throughout the plume, and present a LTM
plan for the site. Section 7 presents the conclusions of this work and provides

1-3
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FINAL

recommendations for further work at the site. Section 8 lists the references used to
develop this document. Appendix A contains Geoprobe borehole logs, monitoring
point installation records, and slug test results. Appendix B presents soil and
groundwater analytical results. Appendix C contains calculations and model input
parameters. Appendix D contains Bioplume II model input and output in American
Standard Code for Information Interchange (ASCII) format on a diskette.

1.2 FACILITY BACKGROUND

Fairchild AFB occupies an area of approximately 4,300 acres 12 miles west of
Spokane, Washington. The Base is divided roughly in half by the main
northeast/southwest runway (Figure 1.1). Aircraft operational facilities, approximately
1,600 Base housing units, an elementary school, a hospital, and support facilities for
the tenants housed on-Base lie north of the runway. The air traffic control tower,
weapons storage area, and survival training school lie to the south of the runway
[Halliburton NUS (HNUS), 1993b].

The Base was established in 1942 as an Army repair depot and was transferred to the
Strategic Air Command (SAC) in 1947. In 1992, Base control was transferred to the
Air Combat Command (ACC). Currently, the Base is operated by the Air Mobility
Command (AMC) and serves as host to the 92nd Air Refueling Wing. The Base also is
the current home of the 141st Air Refueling Wing of the Washington Air National
Guard (WANG), aircraft operational facilities, a weapons storage area, and a survival

*! training school. Base operations employ approximately 5,000 civilian and military
personnel (ES, 1994).

Site FT-i is a former fire training area located near the eastern property boundary of
the Base between Taxiway 10 and Perimeter Road (Figure 1.2). Surface features at the
site include a concrete fire training building (Building 1570), a bioventing equipment
shed, and a concrete slab. A large gravel pad surrounds all of these surface features.
An unlined fire pit is located immediately south of Building 1570 (Figure 1.2). The pit
was constructed in 1970 using bermed gravel, and a mock aircraft was formerly located
in the center of the pit. Prior to 1970, fire training exercises were performed in an
unlined pit formerly located immediately north of the current lined fire training pit,
near Building 1570. A 4,000-gallon underground storage tank (UST) formerly located
east of Building 1570 was used to store fuels used for fire training exercises. Pressure
tests performed on this tank in 1989 did not indicated the presence of poten'ial leaks.
Additionally, an oil/water separator is located within the gravel pad approximately 150
feet east of the current training pit (Figure 1.2). It was used to separate unburned fuels
from water that remained in the training pit after training exercises were conducted. A
poorly defined manmade ditch receives effluent from the oil/water separator and
discharges in a wide, flat, marshy area where effluent infiltrates the ground surface
(HNUS, 1993b).

1-4
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FINAL

Fire training exercises were conducted regularly at FT-I from 1970 until operations
ceased in August 1991. Recent exercises consisted of filling the training pit with 2 to 3
inches of water and spraying approximately 300 gallons of fuel over the top of the
water. The fuel was then ignited, and aqueous film-forming foam (AFFF) was applied
to extinguish the fire. In recent exercises, only uncontaminated fuels were used.
However, during historical exercises, waste fuels and other types of hazardous waste
substances were used. The nature of these other wastes is unknown (HNUS, 1993b).

Investigations were initiated at FT-i as a result of Installation Restoration Program
(IRP) Phase I Record Search conclusions (JRB Associates, 1985). The presence of
groundwater contamination was confirmed in the IRP Phase II Confirmations/
Quantification study performed by Battelle Denver Operations (1989). Since that time,

* a remedial investigation (RI) has been completed by HNUS (1993b), an analytical
informal technical information report (MR) for long-term groundwater monitoring has
been submitted by EA Engineering, Science, and Technology and Montgomery Watson
Americas, Inc. (ES&T and MWA, 1995), and a remediation pilot study is currently
being performed (Parsons ES, 1994).

4 To date, soil contamination has been detected near the current fire training pit and
near the outfall of the oil/water separator. Dissolved benzene, toluene, ethylbenzene,
and xylene (BTEX) contamination has been detected in groundwater samples collected
near the current fire training pit. In addition, dissolved chlorinated aliphatic
hydrocarbon (CAH) contamination has been detected at low concentrations, typically

4 less than 5 micrograms per liter (pLg/L), in samples collected from groundwater
underlying the site and as far as 5,500 feet downgradient from the site. Dissolved
BTEX concentrations, have been measured at concentrations significantly higher than
dissolved CAH concentrations, with total dissolved BTEX concentrations as high as
1,320 pg/L measured in groundwater samples collected during previous investigations.
The presence of mobile light nonaqueous-phase liquid (LNAPL) (i.e., free product) or

4 dense nonaqueous-phase liquid (DNAPL) was not detected during previous site
investigations.

4I
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SECTION 2

SITE CHARACTERIZATION ACTIVITIES

"This section presents the methods used by Parsons ES personnel to collect site-
specific data at FT-1, Fairchild AFB, Washington. To meet the requirements of the
RNA demonstration, additional data were required to evaluate near-surface geology,
aquifer properties, and the extent of soil and groundwater contamination. Site
characterization activities involved using the Geoprobe@ direct-push system for soil
sampling and temporary groundwater monitoring point placement. Groundwater
sampling was accomplished during this investigation using both temporary monitoring
points and previously installed monitoring wells. Hydraulic conductivity (slug) tests 0
were conducted at several of the site monitoring wells. Previously collected data and
data collected under this program were integrated to develop the conceptual
hydrogeologic site model and to aid interpretation of the physical setting (Section 3)
and contaminant distribution (Section 4).

4 The following sections describe the procedures that were followed when collecting 0

site-specific data. Additional details regarding investigative activities are presented in
the TS work plan (Parsons ES, 1995).

2.1 SOIL SAMPLING AND MONITORING POINT INSTALLATION
The majority of Geoprobe®-related field work occurred between October 31 and

November 7, 1995, and consisted of soil sampling and temporary groundwater
monitoring point installation. Four monitoring points were installed at three locations
during this time to assist in the characterization of the contaminant distribution and the
shallow groundwater flow system at FT-1. These points are identified as ES-GP-1D,
ES-GP-2S, ES-GP-3D, and ES-GP-4S. In May 1996, one additional temporary
monitoring point (ES-GPC) was installed in the burn pit using a Geoprobeg. The
temporary monitoring locations are shown on Figure 2.1; Table 2.1 presents
completion details. Nested points were installed in pairs adjacent to each other or
existing wells. Points screened across the water table (i.e., shallow points) were
designated by the suffix "S"; and points screened at the base of the alluvium (i.e.,
deep points) were designated by the suffix "D". These monitoring point locations
were selected to provide the hydrogeologic data necessary for implementation of the
Bioplume 1I model and to evaluate the occurrence and rate of natural attenuation.
These activities were performed according to the procedures described in the work plan
(Parsons ES, 1995) and in the following sections.

2-1
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TABLE 2.1
SUMMARY OF WELL INSTALLATION DETAILS

SITE Fr-I
REMEDIATION BY NATURAL ATTENUATION TS

FAIRCHILD AFB, WASHINGTON

Depth to Elevation of

Bottom of Screened Reference Point
Well Well Interval for Measurements

Identification (feet bgs) (feet bgs) (feet msl)

MW-i 13.5 4.5-10 2404.10
MW-2 13.1 6.3-11.8 2405.79
MW-3 11.0 3.5-9 2403.29
MW-4 15.0 7.4-12.9 2404.64

MW-49 11.5 8-13 2401.18
MW-50 17.5 6-16 2400.11
MW-51 10.0 5-10 2400.77
MW-52 15.6 5.6-15.6 2409.39
MW-53 21.6 11.5-21.5 2409.75
MW-59 73.5 59.5-70 2401.28
MW-61 72.0 59.5-70 2408.60

MW-98 203.5 193.1-203.5 2400 35
MW-100 44.0 43.1-53.4 2400.60
MW-148 13.2 5-10 2407.09

MW-149 16.4 9-14 4 2407.06
MW-150 42.3 32-42 2406.88

MW-151 32.0 20-30 2400.53
* MW-152 12.0 7-12 2402.00 0

MW-153 9.2 4-9 2402.22
MW-154 30.3 20-30 2401.66
MW-155 9.0 4-9 2402.25
MW-156 39.3 29-39 2405.48
MW-157 36.0 26-36 2401.78
MW-158 89.5 78.2-88.2 2400.82
MW-159 230.0 180-190 2401.20
MW-160 40.0 17-27 2401.88
MW-161 44.4 32-41.6 2401.06
MW-162 39.0 29-39 2401.49
MW-163 180.7 170.7-180.7 2401.49

MW-225 15.8 NA' 2399.36
MW-226 14.7 NA 2399.55

MW-227 15.1 NA 2398.35
ES-GP-ID 16 15.5-16.0 2400.6
ES-GP-2S 10.0 5.0-10.0 2405.0
ES-GP-3D 16.0 15.5-16.0 2405.0
ES-GP-4S 7.5 2.5-7.5 2399.7

a/ NA = Information not available.
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2.1.1 Geoprobe® Operation and Soil Sampling Procedures
I

The GeoprobeS system is a hydraulically powered percussion/probing machine used
to advance sampling tools through unconsolidated soils. This system provides for the
rapid collection of soil, soil gas, and groundwater samples at shallow depths while
minimizing the generation of investigation-derived waste materials. For Convenience,
throughout this report, operation of the Geoprobe@ is referred to as "drilling".

2.1.1.1 Pre-Drilling Activities

All subsurface utility lines or other man-made subsurface features were located, and
proposed drilling locations were cleared and approved by the Base prior to any drilling
activities. Water used in equipment cleaning or grouting was obtained from an onsite
potable water supply designated by the Base.

2.1.1.2 Equipment Decontamination and Fluids Handling Procedures

Prior to arriving at the site and between each drilling location, all probe rods, tips,
sleeves, pushrods, samplers, tools, and other downhole equipment were decontaminated
using an Alconox® detergent and potable water solution followed by a potable water
wash. Fittings, tips, and samplers also underwent an additional rinse with isopropyl
alcohol followed by a final rinse with deionized water. Precautions were taken to
minimize impact to the areas surrounding decontamination operations. All
decontamination activities were conducted in a manner so that the excess water was
controlled and not allowed to flow into any open borehole.

All decontamination fluids were collected and contained in 55-gallon drums.
Following the investigation, the drums were transported to a temporary holding facility
designated by the Base. The drums were removed from the Base by ROAR Tech, Inc.
for proper treatment and disposal during January 1996.

Fuel, lubricants, and other similar substances were handled in a manner consistent
with accepted safety procedures and standard operating practices. All well completion
materials were factory sealed and were not stored near or in areas that could be affected
by these substances.

2.1.1.3 Drilling and Soil Sampling

Drilling was accomplished using the Geoprobe® direct-push technology. The
boreholes were sampled continuously to 10 feet below ground surface (bgs).
Thereafter, every second 2-foot interval was sampled to the total depth of the borehole.
Where two points were installed adjacent to each other (i.e., nested), only the deeper
point was logged and sampled. A final borehole diameter of 2 inches was used for the
installation of shallow points with 0.5-inch inside-diameter (ID) casing. For the deep
monitoring points, a final borehole diameter of 1 inch was utilized.

2-4
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The Parsons ES field geologist observed drilling and monitoring point installation ()
activities and maintained a detailed descriptive log of recovered subsurface materials.
Final geologic borehole logs are presented in Appendix A. These logs contain:

"* Sampled interval (top and bottom depth);

"* Presence or absence of contamination based on odor, staining, and/or
photoionization detector (PID) readings;

"* Soil description, including color, major textural constituents, minor constituents,
relative moisture content, plasticity of fines, cohesiveness, grain size, structure or
stratification, and any other significant observations; and

"* Lithologic contacts, with the depth to contacts and/or significant textural changes

recorded to the nearest 0.1 foot.

The Geoprobe*-collected soil samples were obtained using 4 foot by 1.5 inch-ID and
2 foot by 1-1/16-inch-ID sampling devices. The large sampler was used for the initial
10 feet of soil. The smaller sampler was then used for the remainder of the borehole in
an attempt to minimize the smearing of surface contamination into deeper portions of
the borehole. A probe-drive sampler attached to the leading end of the probe rods
serves as both the driving point and the sample collection. To collect a soil sample, the
sampler was pushed or driven to the desired sampling depth, the drive point was
retracted to open the sampling barrel, and the sampler was subsequently pushed into the
undisturbed soils. The soil cores were retained within a clear acetate liner inside the •
sampling barrel. The probe rods were then retracted, bringing the sampling device to
the surface. The soil sample was then extruded from the liners for visual lithologic
logging and PID headspace screening, or the liners were cut and capped, so that
undisturbed samples could be submitted to the analytical laboratory for chemical
testing. 0

Bags containing soil samples collected for the headspace screening procedure were
quickly sealed and stored for 15 minutes or longer at the ambient temperature.
Semiquantitative measurements were made by puncturing the bag seal with the PID
probe and reading the concentration of the headspace gases. The PID relates the
concentration of total volatile organic compounds (VOCs) in the sample to an
isobutylene calibration standard. The PID also was used to monitor for VOCs in the
worker breathing zone.

For soil samples collected for laboratory analysis, the acetate liner was cut into 6-
inch lengths, capped, and delivered to the USEPA/NRMRL field personnel for analysis
of BTEX, TCE, tetrachloroethene (PCE), and total organic carbon (TOC). For each
soil sample the Parsons ES field scientist recorded the following information:

"* Sample interval (top and bottom depth);

"* Sample identification;

2-5
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"* Sampling date; and, (}

"0 Sample collector's initials.

Seven soil samples were collected from areas in the vicinity of the burn pit, oil/water
separator, and cross- and upgradient locations. Soil samples were collected
immediately above and/or immediately below the water table. Samples for analysis
were also selected where PID readings were elevated or visible contamination was
present.

2.1.2 Temporary Monitoring Point Installation

Temporary groundwater monitoring points were installed in five boreholes at three
locations under this program (Figure 1.2). Detailed monitoring point installation
procedures are described in the following paragraphs.

2.1.2.1 Materials Decontamination

Monitoring point completion materials were inspected by the field geologist and
determined to be clean and acceptable prior to use. All monitoring point completion
materials were factory sealed in plastic wrap. Pre-packaged casing, sand, and bentonite
were used in well construction, and were inspected for possible external contamination
before use. Materials that could not be cleaned to the satisfaction of the field geologist
were not used.

2.1.2.2 Casing and Screen

Upon completion of Geoprobe® sampling to the proper borehole depth, five
temporary groundwater monitoring points were installed at three locations. Monitoring
point construction details were noted on a monitoring point installation record and are
summarized on Table 2.1. This information became part of the permanent field record
for the site. Monitoring point installation records for FT-I are presented in Appendix
A.

Two shallow monitoring points (ES-GP-2S and ES-UP-4S), screened across the
water table, were constructed of Schedule 40 polyvinyl chloride (PVC) riser pipe and
screen having an ID of 0.5 inch. All well casing and screen sections were flush-
threaded; glued joints were not used. A sacrificial stainless steel drive point was
pressure-fitted into the bottom of the screen using Teflon® tape. Shallow monitoring
point screens were 5-feet long and were factory-slotted with 0.010-inch openings.

Two deep temporary monitoring points (ES-GP-ID ard ES-GP-3D) screened below 4
the water table and the monitoring point (ES-GPC) in the burn pit were constructed
using Teflon®-lined, high-density, polyethylene tubing (HDPE) threaded through the
center of the drive rods. The tube was attached to a 0.5-foot-long, 0.375-inch-diameter
stainless steel, double-woven wire screen with 0.145-millimeter (0.037-inch) slot size.
The screen was threaded into a dedica¢ed stainless steel drive point/implant anchor that
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remained in place after the drive rods were removed. Purging and sampling followed
directly.

The field geologist recorded the borehole depth, the lengths of all casing sections,
and the depth to the top of all monitoring point completion materials placed in the
annulus between the casing and borehole wall.

2.1.2.3 Filter Pack and Annular Sealant

Placement of a filter pack around the monitoring point casing screens was not
possible as a result of the collapse of the sand borehole walls. Therefore, the
temporary monitoring points were naturally sand-packed with the formation materials.
Due to the sandy nature of the formation materials, well development and purging
activities were accomplished without difficulty.

A filter pack seal of sodium bentonite chips or grout was placed in the portion of the
hole which remained open following collapse of the sandy borehole walls. This was
typically the top 2 to 3 feet of the borehole.

2.1.2.4 Monitoring Point Abandonment

Following sampling, all five temporary monitoring points were abandoned by
removing recoverable construction materials and filling the open hole with bentonite
chips. At depth construction materials that could not be recovered were abandoned in
place.

2.1.3 Temporary Monitoring Point Development

Prior to sampling, temporary monitoring points were developed. Typically,
development removes sediment from inside the well casing and flushes fines, cuttings,
and drilling fluids from the sand pack and the portion of the formation adjacent to the
well screen. Use of the Geoprobe® system to place monitoring points eliminates
cuttings and drilling fluids. As a result, development of monitoring points is primarily
intended to minimize the amount of fine sediment that might accumulate in the casing.

Monitoring Point development was accomplished using a peri-taltic pump with
dedicated silicon and HDPE tubing. The pump tubing was regularly lowered to the
bottom of the shallow points so that fines were agitated and removed from the point in
the development water. Development was continued until 10 casing volumes of water
were removed from the point and the groundwater pH, temperature, conductivity, and
dissolved oxygen concentrations had stabilized.

2.2 GROUNDWATER SAMPLING

This section describes the procedures used for collecting groundwater samples. In
order to maintain a high degree of quality control (QC) during this sampling event, the
procedures described in the site work plan (Parsons ES, 1995) and summarized in the
following sections were followed.

2-7
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Groundwater sampling occurred on November 6 through 8, 1995 and on May 30,
1996, and consisted of collecting groundwater samples from temporary monitoring
points and from 20 previously installed monitoring wells. Groundwater sampling
forms were used to document the specific details of the sampling event for each
location. Groundwater samples were analyzed for the parameters listed in Table 2.2.
In addition to data from the groundwater sampling conducted under this program, data
are available for groundwater sampling events performed at FT-i in 1986, 1987, 1989
(two sampling events), 1990, 1991 (three sampling events), 1993, and 1995.

Groundwater samples were collected from 25 locations by Parsons ES personnel.
Sampling locations are presented on Figure 2.1. Installation and development of the 5
temporary monitoring points was described in Section 2.1. The 20 existing monitoring
wells that were sampled under this program included MW-I, MW-2, MW-3, MW-4,
MW-49, MW-50, MW-52, MW-53, MW-59, MW-61, MW-100, MW-151, MW-152,
MW-153, MW-154, MW-155, MW-156, MW-225, MW-226, and MW-227.
Completion data for the temporary monitoring points and previously installed
monitoring wells are provided on T-ible 2.1.

2.2.1 Preparation for Sampling

All equipment used for sampling was assembled and properly cleaned and calibrated
(if required) prior to arriving in the field. Special care was taken to prevent
contamination of the groundwater and extracted samples through cross contamination
from improperly cleaned equipment; therefore, water level indicators and sampling
equipment were thoroughly cleaned before and after field use and between uses at
different sampling locations. In addition, a clean pair of new, disposable gloves was
worn each time a different well/point was sampled.

All portions of sampling and test equipment that contacted the sample werethoroughly cleaned before use. This equipment included the water level probe and
cable, equipment for measuring on-site groundwater chemical parameters, and other
equipment that contacted the samples. The following cleaning protocol was used:

* Rinse with potable water;

* Rinse with isopropyl alcohol;

* Rinse with distilled or deionized water; and

• Air dry prior to use.

Any deviations from these procedures were documented in the field scientist's field S
notebook and on the groundwater sampling form. Decontamination fluids were
contained and handled as described in Section 2.1.1.2.

As required, field analytical equipment was calibrated according to the
manufacturers' specifications prior to field use. Because the majority of physical and
chemical analyses were performed by USEPA NRMRL personnel, this requirement

2-8
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6 TABLE 2.2
ANALYTICAL PROTOCOL

GROUNDWATER AND SOIL SAMPLES
SITE rr-I

REMEDIATION BY NATURAL ATTENUATION TS

FAIRCHILD AFrB, WASHINGTON

FIELD (F) OR
MATRIX METHOD FIXED-BASE

Analyte LABORATORY (L)

WATER
Total Iron Colorimetric, HACH* Method 8008 F
Ferrous Iron (Fe 2 ) Colorimetric, HACI-I Method 8146 F
Ferric Iron (Feb) Difference between total and ferrous iron F
Manganese Colorimetric, HACH* Method 8034 F
Redox Potential A2580B, direct-reading meter F

* Oxygen Direct-reading meter F
pH E150. 1/SW9040, direct-reading meter F
Conductivity E 120.1/SW9050, direct-reading meter F
Temperature E170. 1, direct-reading meter F
Alkalinity (Carbonate [CO 3

2] F = Titrimetric, HACH* Method 8221 F
and Bicarbonate [HCO3-]) L = USEPA Method 310.1 L

* Nitrate + Nitrite USEPA Method 353.1 L
Ammonia USEPA Method 353.1 L
Chloride Waters Capillary Electrophoresis Method N-601 L
Sulfate Waters Capillary Electrophoresis Method N-601 L
Methane RSKSOP-147 L
Aromatic Hydrocarbons RSKSOP-148 L
Fuel Carbon RSKSOP-148 L

SOIL
Total Organic Carbon RSKSOP-102 & RSKSOP-120 L
Aromatic Hydrocarbons RSKSOP-124, modified L
Total Hydrocarbons RSKSOP-174 L

* p
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applied specifically to direct-reading meters used for onsite chemical measurements of
4 pH, conductivity, and dissolved oxygen (DO).

Upon arrival at the monitoring well/point, the area around the well was cleared of
foreign materials, such as brush, rocks, and debris. These procedures prevented
sampling equipment from inadvertently contacting debris around the monitoring well.

4 Location preparation also included an inspection of the integrity of the well or
monitoring point. At this time, irregularities with the protective cover, cap, lock,
external surface seal, internal surface seal, well identification, well datum, and pad
were noted.

Prior to removing any water from the well or point, the static water level was
measured. In all groundwater wells and temporary PVC monitoring points, an
electrical water level probe was used to measure the depth to groundwater below the
well datum to the nearest 0.01 foot. Free-phase product (mobile LNAPL) was not
detected in any of the wells or points. Water levels could not be obtained from the
temporary monitoring points constructed of Teflon®-lined HDPE tubing because the
tube diameter is too small to accommodate the water level probe. After measurement

4 of the static water level, the water level probe was lowered to the bottom of the
well/monitoring point for measurement of total well depth (recorded to the nearest 0.01
foot). Based on these measurements, the volume of water to be purged from the
wells/points was estimated. Static groundwater levels at all site wells also was
measured on October 28, 1995, at the start of the field activities.

4 2.2.2 Well/Point Purging and Sample Collection

The five monitoring points and 13 of the monitoring wells were purged and sampled
using a peristaltic pump with dedicated HDPE and silicon tubing. Dedicated bladder
pumps were used to purge and sample the 7 wells equipped with such pumps (MW- I,

4 MW-3, MW-50, MW-100, MW-151, MW-152, and MW-154). Purging consisted of
removing at least three times the calculated casing volume prior to sample collection.
Once three casing volumes of water were removed from the well/point purging
continued until the pH, DO concentration, conductivity, and temperature stabilized.

Within 24 hours of the purge event, groundwater samples were collected from the
4 monitoring wells/points. The samples were transferred directly from the peristaltic or

bladder pump discharge tubing into the appropriate sample containers. The water was
carefully poured down the inner walls of the sample bottle to minimize aeration of the
sample. Sample bottles for BTEX, trimethylbenzenes (TMB), chlorinated solvents, and
dissolved gas analyses were filled so that there was no headspace or air bubbles within
the container. Table 2.2 lists the analyses performed on collected groundwater
samples.

2.2.3 On-site Chemical Parameter Measurement

Measurement of DO, pH, specific conductance, and temperature was performed at

the sampling location at the time of sample collection. All other field parameters were
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measured onsite by USEPA NRMRL personnel at their mobile laboratory immediately
following sample collection. p

DO measurements were taken using an Orion® model 840 DO meter in a flow-
through cell at the discharge of the peristaltic or bladder pump. DO concentrations
were recorded after the readings stabilized, and in all cases represent the lowest DO
concentration observed.

Because the pH and temperature of the groundwater can change significantly within
a short time following sample acquisition, these parameters were measured in the field,
in the same flow-through cell used for DO measurements. The measured values were
recorded on the groundwater sampling record.

Specific conductance measurements were taken using an EXTECH® Oyster meter in
the same flow-through cell in which DO was measured. The conductance was recorded
on the groundwater sampling record.

2.2.4 Sample Handling
*

The USEPA/NRMRL personnel provided appropriately preserved sample bottles.
Samples were delivered to the USEPA mobile laboratory within minutes of sample
collection. Because ambient temperatures were cool and the samples were delivered to
the mobile laboratory within minutes of sample collection, ice was not used to cool the

4 samples during transport to the USEPA mobile laboratory. Samples for those analyses
not performed by the mobile laboratory were appropriately package and shipped by the
USEPA field personnel to the NRMRL in Ada, Oklahoma for analysis. The associated
chain-of-custody documentation for the fixed base laboratory was the responsibility of
the USEPA NRMRL field personnel.

The sample containers were filled as described in Section 2.2.3, and the container
lids were tightly closed. The sample label was firmly attached to the container side,
and the following information was legibly and indelibly written on the label:

"* Facility name;

"" Sample identification;

"* Sample type (groundwater);

"* Sampling date;

* - Sampling time;

"• Preservatives added; and

Sample collector's initials.

*

2-11

I:\PROJECTS\722450O\CWPTS\ I.DOC

4

6 0 SS 5 00 0



4)

FINAL

After the samples were sealed and labeled, they were transported to the onsite USEPA (
6 mobile laboratory. Samples were packaged to prevent leakage or vaporization from the

containers, and the samples were cushioned to avoid breakage.

2.3 AQUIFER TESTING

4 Slug tests were conducted at eight monitoring well locations to estimate the
hydraulic conductivity of the shallow saturated zone at FT-1. Slug tests are single-well
tests used to determine the hydraulic conductivity of an aquifer in the immediate
vicinity of the tested well. Slug tests can be used for confined and unconfined aquifers
that have a transmissivity of less than 7,000 square feet per day (ft2/day). Slug testing
can be performed using either a rising-head or a falling-head test. Both rising-head and

4 falling-head tests were used at this site. The tests were performed in monitoring wells
MW-1, MW-3, MW-151, MW-153, MW-155, MW-225, MW-226, and MW-227
(Figure 2.1). Detailed slug testing procedures are presented in the Technical Protocol
for Implementing Intrinsic Remediation with Long-Term Monitoring for Natural
Attenuation of Fuel Contamination Dissolved in Groundwater (Wiedemeier et al.,
1995), hereafter referred to as the technical protocol document.

Data obtained during slug testing were analyzed using AQTESOLV® software and
the methods of Bouwer and Rice (1976) and Bouwer (1989) for unconfined conditions.
The results of slug testing are presented in Section 3.3 and Appendix A.

4 2.4 SURVEYING

After completion of field work, the locations and elevations of temporary
monitoring points and sampled monitoring wells were surveyed by David Evans and
Associates of Spokane, Washington. The horizontal locations were measured relative
to the Fairchild AFB 1984 coordinate survey. The vertical elevations of the ground
surface adjacent to the well/point casing and the measurement datum (top of the PVC
well/point casing) were measured relative to existing survey control points tied into the
United States Geological Survey (USGS) 1929 coordinate system. Horizontal location
was surveyed to the nearest 0.1 foot. Datum and ground surface elevations were
surveyed to the nearest 0.01 foot.
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SECTION 3

PHYSICAL CHARACTERISTICS OF THE STUDY AREA

This section describes the physical characteristics of Site FT-1 as determined from
data collected by Parsons ES in November 1995 and May 1996, in conjunction with
data documented in previous reports on FT-I and Fairchild AFB. Investigative
techniques used by Parsons ES to determine the physical characteristics of the site are
discussed in Section 2.

3.1 SURFACE FEATURES

3.1.1 Topography

Fairchild AFB is located within the Columbia Basin in the northeastern corner of the
55,000-square-mile Columbia Plateau Physiographic Province (ICF Technology Inc.,
1995). The Columbia Plateau is bordered by mountains and highlands on all sides.

4 The northern edge of the Plateau gives way to the Okanogan Highlands roughly 75 0
miles north of Fairchild AFB, while the eastern end of the Plateau is bordered by the
Rocky Mountains, approximately 75 miles east of Fairchild AFB. The Plateau extends
approximately 250 miles to the south and west of the Base. The Blue Mountains border
the Plateau on the south, and the Cascade Mountains border the Plateau on the west.
There is a watershed divide in the center of the Plateau that causes streams north of this
divide to flow in a northerly direction, and streams south of the divide to flow in a
southerly direction. The topography of the region was shaped by glacial flood waters
that eroded the surface of the Columbia Plateau during the Pleistocene Epoch
(approximately 22,000 years ago) (HNUS, 1993b).

The surface topography of the Base and surrounding region is generally flat to gently
rolling grasslands sloping slightly to the east-northeast. Ground surface elevations on
the Base range from 2,400 to 2,460 feet above mean sea level (ft msl) (Figure 3.1).

3.1.2 Surface Water Hydrology

* Fairchild AFB is located in the northern half of the Columbia Plateau, north of the
watershed divide. All surface water drainage in this region of the Columbia Plateau
generally flows to the north or northwest (Flint, 1936). The Base is approximately 7
miles west-southwest of the Spokane River, which flows through the city of Spokane
(USGS, 1973a, 1973b, 1986a, and 1986b). Two other drainages in the vicinity of the
Base are Deep Creek and Marshall Creek, located approximately 2 miles northwest and
8 miles southeast of the Base, respectively. These creeks flow northwest and join the
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Spokane River, which drains this region of the Plateau. Surface water on the Base is
generally limited to precipitation runoff and intermittent flow in No Name Ditch near
the eastern boundary of the Base just north of FT-I (Figure 2.1). Precipitation runoff
is controlled within a series of manmade ditches. Reportedly, water collected in the
ditch system does not leave Base property, and surface water either infiltrates the
subsurface or evaporates (HNUS, 1993b).

At FT-i, storm precipitation is reported to infiltrate into the ground. A manmade
drainage ditch extends approximately 300 feet eastward from the oil/water separator on
the eastern edge of the training pit and terminates in a broad, flat marshy area (Figure
"2.1). The oil/water separator treated discharge generated during fire training exercises.
Fire training exercises ceased at the site in 1991, and the oil/water separator is
currently inactive. Snow melt runoff was observed in the ditch during the RI activities
(HNUS, 1993b).

3.1.3 Manmade Features

FT-01 is located adjacent to an abandoned aircraft taxiway in a relatively
undeveloped portion of the Base that is mostly vegetated with grasses. Manmade
features at the site include a fire training pit, a two-story fire training building, an
equipment shed for the bioventing and air sparge pilot tests, and an abandoned
underground oil/water separator with a 300-foot buried discharge line from the
separator (Figure 1.2). All of these features are located on a 600-foot wide gravel pad

* that is elevated above the surrounding marshy area and is flush with the adjacent
taxiway. At the eastern and southern boundaries of the site are a gravel perimeter 0
road, a chainlink security fence, and Rambo and Thorpe Roads. West and north of the
site, beyond the taxiway, are the active runway and flightline.

3.2 REGIONAL GEOLOGY AND NNi DROGEOLOGY

The shallow subsurface geology at Fairchild AFB is a mixture of Quaternary
sediments consisting of eolian, glacial, fluvial, lacustrine deposits. Flood waters from
the glacial-era Missoula Lake scoured the basalt bedrock of this region of the Columbia
Plateau. Coarse sediments were deposited during the early recession of flood waters,
followed by finer sediments during the later stages of floodwater recession. The
alluvium in the vicinity of the Base generally consists of fine-grained sediments
deposited by receding glacial flood waters. Clays and silts are intermixed with sandy
silts, clays, and gravels (HNUS, 1993b). In addition, loess (windblown silt) deposits
are interbedded in portions of the unconsolidated deposits. Unconsolidated deposits
generally follow the slope of the underlying basalt bedrock (ICF Technology, Inc.,
1995).

Bedrock in the vicinity of the Base is mostly Tertiary basalts of the Columbia River
Group. Basalts below Fairchild AFB are of the Wanampum Formation (HNUS,
1993b). The basalt flows in the region are interbedded with sedimentary clay and silt
units of the Latah Formation. These layers were deposited when stream beds were
isolated by the volcanic basalt flows (Cline, 1969). The Wanampum Basalt flow below
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the Base appears to be divided into upper and lower flow sequences by an interbed of
the Latah Formation. The upper basalt flow is 166 feet to 193 feet thick across the
Base. The surface of the upper basalt flow is vesiculated, deeply fractured, and highly
weathered in places. Just east of the Base the upper basalt layer was completely eroded
away by the Missoula Lake flood waters. The middle of this flow contains few vesicles
and fractures; the formation becomes more massive and competent with depth. The
underlying Latah Formation deposits consist of an extensive silty claystone that ranges
in thickness from 8.5 to 10 feet (HNUS, 1993b). Information on the geologic
characteristics of the lower basalt flow was not available in the previous reports
reviewed as part of this investigation. However, this unit is isolated from the overlying
units; therefore, its geologic characteristics are not pertinent to FT- I site
characterization.

Groundwater in the vicinity of the Base is encountered from 8 to 12 feet bgs and is
found in both the unconsolidated material and the underlying basalt bedrock. Recharge
of the surficial aquifer under the Base is expected to come from upgradient flow and
surface runoff infiltration. Groundwater flow in the unconsolidated deposits is through
intergranular pore space, while flow in the basalt is through interconnecting fractures
(HNUS, 1993b). Flow across the Base is generally to the east and east-northeast, but
local variations may result from local changes in bedrock topography. Groundwater in
the unconsolidated material and shallow bedrock is generally unconfined, with some
local semiconfined areas. The unconsolidated material and the shallow basalt are
hydraulically connected by fractures, vesicles, and weathered zones. The middle
region of the shallow basalt flow is more competent with less fracturing, and acts as an * *
aquitard. The interbedded claystone between the basalt flows also acts as a confining
layer (HNUS, 1993b).

3.3 SITE GEOLOGY AND HYDROGEOLOGY

Characterization of the Quaternary sediments and Tertiary basalts at FT-1 has been
the objective of several investigations; the site geology and hydrogeology descriptions
presented below were principally derived from the site RI (HNUS, 1993b) and the
current investigation. There are currently 39 groundwater monitoring wells associated
with FT-1, including 21 wells screened in the unconsolidated deposits and 18 wells
screened in the basalt bedrock. As part of the current investigation, five monitoring
points were installed at four locations using a Geoprobe®.

3.3.1 Lithology and Stratigraphic Relationships

Surface soils at the site primarily consist of Cheney and Uhlig Series clayey silts,
and the description of subsurface soils underlying FT-1 is relatively consistent with the
regional geology described in Section 3.2. Unconsolidated material overlying the
basalt bedrock ranges in thickness from 9 feet to 30 feet across the site. Shallow
deposits at FT-i are primarily silty clays and clayey silts with sands, while deeper
unconsolidated material appears to be coarser grained and consists of silty sands and
gravels containing occasional basalt fragments. Unconsolidated material overlies two
distinct basalt flows that are separated by a Latah Formation sedimentary interbed. A
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layer of gray to black gravel and coarse sand fill up to 2 feet thick covers the area 0
designated in Figure 3.2 as the gravel pad. S

Geologic features of the shallow basalt flow, sedimentary interbed, and upper
portion of the deeper basalt flow underlying FT-I were investigated during the
installation of a cored hole later completed as MW-159 (HNUS, 1993b). The shallow
basalt flow is estimated to be 192 feet thick and to extend to a depth of 207 feet bgs.
The upper 50 feet of the shallow basalt flow is described as being massive weathered
basalt with small vesicles and slight to moderate fracturing. The middle portion of the
upper basalt flow becomes more dense with fewer vesicles and hairline fractures
existing from 65 to 180 feet bgs. From 180 feet to 205 feet bgs, the flow is described
as relatively nonfractured and nonvesicular massive basalt. The bottom few feet of the
upper basalt flow, near the Latah interbed, becomes more vesicular. The Latah 0
Formation interbed separating the upper and lower basalt flows is approximately 8.5
feet thick and extends from 207 feet bgs to 215.5 feet bgs. This interbed consists of
silty claystone with deposits of organic material. The upper portion of the deep basalt
flow is described as highly vesicular with a moderate to high number of fractures and
minor weathering. Deeper portions of the lower basalt flow had not been investigated
in reports reviewed during the development of this work plan.

To illustrate these stratigraphic relationships, hydrogeologic sections have been
developed from subsurface data derived from logs of previously installed monitoring
wells and from the November 1995 Geoprobe® investigation. Geologic sections A-A'

# and B-B' depict the unconsolidated material and shallow regions of the upper basalt * *
bedrock underlying the site. Figure 3.2 shows the locations of these sections. Figure
3.3 presents hydrogeologic section A-A', which is approximately parallel to the
direction of groundwater flow. Figure 3.4 presents hydrogeologic section B-B', which
is approximately perpendicular to the direction of groundwater flow.

3.3.2 Groundwater Hydraulics 0

Shallow groundwater at the site resides in the Quaternary glacial deposits and in the
underlying upper basalt bedrock. Depth to groundwater is approximately 5 to 7 feet
bgs across the majority of the site. A summary of groundwater measurements from
November 1995 is presented in Table 3.1. A summary of select historical groundwater
elevation data is provided in Appendix A.

3.3.2.1 Flow Direction and Gradient

In the immediate vicinity of the site, groundwater flows to the east-southeast, which
is similar to the regional flow direction. Figure 3.5 shows the groundwater surface for
FT-1 in November 1995. The hydraulic gradient at the site decreases from
approximately 0.008 foot per foot (ft/ft) in the bum pit to approximately 0.002 ft/ft
through the marshy area immediately downgradient from the source area. This is
consistent with historic groundwater gradients. For example, groundwater elevations
measured in March 1992 indicate the average hydraulic gradient across FT-i was
approximately 0.002 ft/ft; however, the hydraulic gradient in the source area and
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TABLE 3.1

SUMMARY OF GROUNDWATER ELEVATION DATA
NOVEMBER 1995

SITE Fr-i
REMEDIATION BY NATURAL ATTENUATION TS

FAIRCHILD AFB, WASHINGTON

Elevation of Depth to

Reference Point groundwater Groundwater
Well for Measurements groundwater Elevation

4 Identification (feet mstl)a (feet) (feet msl) S

MW-1 2404.10 8.49 2395.61

MW-2 2405.79 6.36 2399.43
MW-3 2403.61 6.54 2397.07
MW-4 2404.64 8.91 2395.73

4 MW-49 2401.18 6.81 2394.37

MW-50 2400.11 5.38 2394.73
MW-98 2400.35 97.03 2303.32

MW-100 2400.60 6.03 2394.57
MW-148 2407.09 10.15 2396.94
MW-149 2407.06 11.71 2395.35
MW-150 2406.88 10.88 2396.00

MW-151 2400.53 5.38 2395.15

MW-152 2402.00 6.77 2395.23

MW-153 2402.22 7.25 2394.97

MW-154 2401.66 6.71 2394.95

4 MW-155 2402.25 7.01 2395.24
MW-156 2405.48 9.36 2396.12
MW-157 2401.78 6.61 2395.17

MW-158 2400.82 8.02 2392.80

MW-160 2401.88 7.71 2394.17

MW-161 2401.06 5.98 2395.08
4 MW-225 2399.36 4.78 2394.58 5

MW-226 2399.55 4.78 2394.77
MW-227 2398.35 3.40 2394.95

Feet msl = feet above mean sea level.

4
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immediately east of Rambo Road was somewhat steeper, at 0.007 ft/ft (HNUS, 1993b).
Fluctuations of up to 9 feet were observed in monitoring well data collected from S
February 1991 to April 1992 (HNUS, 1993b). Typically, groundwater elevations at
Fairchild AFB are lower during August through November, and higher during April
through July (ICF Technology, Inc., 1995).

Three unconsolidated deposit/shallow bedrock groundwater monitoring well pairs
(MW-149/MW-150; MW-50/MW-100; and MW-153/MW-154) were used to evaluate 5
vertical hydraulic gradients and the vertical extent of contamination in groundwater
underlying FT-I. Groundwater elevation data collected in 1991 and 1992 suggest
downward vertical gradients of 0.01 and 0.006 ft/ft for monitoring well pairs MW-
149/MW-150 and MW-50/MW-100, respectively. Water elevations measured in
groundwater monitoring wells MW-154 and MW-153 did not indicate the presence of a
vertical gradient near this pair (HNUS, 1993b). In October 1995, downward vertical
gradients of 0.004 and 0.001 ft/ft were measured at well pairs MW-50/MW-100 and
MW-153/MW-154, respectively. One upward gradient of 0.026 ft/ft was measured at
monitoring well pair MW-149 and MW-150. These observations suggest that, in
general, groundwater is in communication between the unconsolidated deposits and
shallow bedrock, and that it experiences a slight downward gradient. S

The maximum downward vertical gradient between nested wells screened in the
shallow bedrock and unconsolidated deposits was 0.58 ft/ft measured in 1992 between
upgradient wells MW-53 and MW-61 (Figure 3.5). Basalt bedrock well MW-61 exists
in a high-yielding fracture zone. Because of the large differences in hydraulic heads
between well MW-61 and the nearby unconsolidated deposit well (MW-53) and other •
site wells screened between 60 and 70 feet bgs in the basalt bedrock, it is believed that
the fracture zone at MW-61 is hydraulically isolated from other site wells of similar or
shallower depth.

Large differences in groundwater elevations were observed between all well pairs 0
screened in the shallow bedrock and in the deeper regions of the upper basalt flow. In
1992, groundwater elevations measured in deep bedrock monitoring wells MW-159,
MW-98, and MW-163 were 172 feet, 80 feet, and 169 feet lower, respectively, than
measurements collected from MW-51, the nearest shallow well. In 1995, the
groundwater elevation at monitoring well MW-98 was about 90 feet lower than the
shallow measurements across the site. These differences appear to indicate that 9
groundwater in the unconsolidated deposits and the shallow bedrock is not in
communication with groundwater in deeper regions of the bedrock.

3.3.2.2 Hydraulic Conductivity

In November 1995, Parsons ES estimated the hydraulic conductivity at wells MW-i, 0

MW-3, MW-151, MW-153, MW-155, MW-225, MW-226, and MW-227 using
falling- and rising-head slug tests and the method of Bouwer and Rice (1976) as
described in Section 2. The maximum, minimum, and average hydraulic conductivities
estimated from multiple rising and falling head slug tests performed at each of the eight
slug test locations are provided in Table 3.2. Average hydraulic conductivities ranging 9
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TABLE 3.2
1995 SLUG TEST RESULTS

SITE FT-i
REMEDIATION BY NATURAL AITENUATION TS

FAIRCHILD AFB, WASHINGTON

MINIMUM MAXIMUM AVERAGE
HYDRAULIC HYDRAULIC HYDRAULIC

WELL CONDUCTIVITY CONDUCTIVITY CONDUCTIVITY
(ft/day) (ft/day) (ft/day)

MW-I 17.8 20.9 19.7

MW-3 22.9 24.9 23.8

MW-I5IA 1.74 2.32 2.07

MW-153 8.08 42.4 24.0

MW-155 8.93 19.2 15.3

MW-225 5.65 29.1 15.5

MW-226 3.23 33.4 18.4

MW-227 0.12 0.32 0.19

Monitoring well is screened in the shallow bedrock.

from 15.3 to 24.0 (ft/day) were estimated for six of the seven wells screened across the
water table at FT-1. Monitoring well MW-227, also screened across the water table,
had an estimated hydraulic conductivity of 0.19 ft/day. The average hydraulic
conductivity of the sands in the shallow saturated zone as determined from these tests is
approximately 19.7 ft/day. A hydraulic conductivity of 2.07 ft/day was estimated for
the shallow bedrock using November 1995 slug test data collected at monitoring well
MW- 151.

Previously, site hydraulic conductivities and transmissivities had been estimated
from pumping tests (HNUS, 1993b). Pumping tests were performed in the
unconsolidated material monitoring wells MW-i and MW-155, both of which are
screened across gravelly sand deposits. The hydraulic conductivities calculated from
the pump test data are 418 ft/day at MW-1 and 37 ft/day at MW-155. Transmissivities
were calculated at 2,410 ft2/day and 214 ft2/day at wells MW-i and MW-155,
respectively (HNUS, 1993b). An additional pumping test was performed in shallow
bedrock well MW-157. The average hydraulic conductivity and average transmissivity
of the shallow basalt were calculated as 0.8 ft/day and 21.8 fte/day, respectively.

3-12

I:\PROJFCrS\722450\FCWP TS\I.DOC

S



FINAL

Although attempted, pumping tests were not completed in the deeper regions of the
upper basalt flow because sufficient pumping rates could not be sustained in installed
pumping wells, implying that hydraulic conductivity is much lower through this
interval (HNUS, 1993b). Decreasing hydraulic conductivity in the upper basalt
bedrock also was computed from packer tests performed during installation of
monitoring well MW-159. Within the upper basalt, computed hydraulic conductivities
were 2.56 to 2.66 ft/day at 20 to 35 feet bgs, 0.01 to 0.09 ft/day at 35 to 135 feet bgs,
0.30 to 0.34 ft/day at 135 to 195 feet bgs, and 0.52 to 0.58 ft/day at 197 to 207 feet
bgs. The silty claystone of the Latah formation (207 to 215 feet bgs) had a hydraulic
conductivity of 0.60 ft/day, and the upper portion of the lower basalt (216 to 227 feet
bgs) had a hydraulic conductivity range of 0.52 to 0.82 ft/day.

3.3.2.3 Effective Porosity

Because of the difficulty involved in accurately determining effective porosity,
accepted literature values for the type of soil making up the shallow saturated zone
were used. Walton (1988) gives ranges of effective porosity for medium to coarse sand
of 0.15 to 0.35. An average effective porosity of 0.25 was assumed for this project.

3.3.2.4 Advective Groundwater Velocity

The advective velocity of groundwater in the direction parallel to groundwater flow
is given by:

- KdH *
n, dL
Where: v = Average advective groundwater velocity (seepage velocity)

[LIT]

K = Hydraulic conductivity [LIT] (19.7 ft/day)

dH/dL = Gradient [L/L] (0.0025 ft/ft)

n. = Effective porosity (0.25).

Using this relationship in conjunction with site-specific data, the average advective
groundwater velocity at the site in November 1995, was 0.20 ft/day, or approximately
71.9 feet per year (ft/yr).

3.3.2.5 Preferential Flow Paths

No preferential contaminant migration pathways were identified during the field
work phase of this project. Relatively few man-made features such as utility trenches
or storm sewers are present at the site; furthermore, the relatively high hydraulic
conductivity of the surficial aquifer materials could limit the influence of the few
potential man-made pathways. It is possible that a buried waste fuel line leading from
the burn pit to an oil/water separator and then to a drainage ditch could serve as a
preferential conduit for contaminated groundwater; however, this potential pathway lies
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nearly parallel to the direction of groundwater flow. As a result, contaminant transport (9)

specifically associated with this potential corridor could not be discerned. 0

3.3.3 Groundwater Use

Groundwater in the shallow aquifer in the vicinity of the Base is not known to be
used as a drinking water supply. Neighborhoods to the east and northeast of the Base
obtain domestic and agricultural water primarily from private wells that tap aquifers in 5
the deeper basalt flows. The closest residential neighborhoods are roughly 1,800 feet
east (downgradient) of the site. Base drinking water is primarily supplied from a Base-
owned well field 10 miles northwest of the Base. Additionally, there is a water supply
well located in the southern area of the Base. This well, which also produces water
from the deeper basalt aquifer, supplies roughly 10 percent of the Base's needs
(HNUS, 1993b).

3.4 CLIMATE

Fairchild AFB is surrounded by semi-arid grasslands common to this area of the
Columbia Basin. The Base receives approximately 16 inches of rainfall during the
warm, dry summers, and 40 inches of snowfall during the cool, damp winter months.
The prevailing wind direction in the region is to the northeast at an average speed of 8
miles per hour (ICF Technology, Inc., 1995). The average evapotranspiration rate for
the region is reported at 12.8 inches per year (JRB Associates, 1985). Maximum
infiltration rates usually occur during the early spring when snow melt runoff combines
with precipitation while temperatures are still cool and evapotranspiration is low 5 0
(HNUS, 1993b).
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SECTION 4

NATURE AND EXTENT OF CONTAMINATION AND SOIL AND
GROUNDWATER GEOCHEMISTRY

4.1 SOURCES OF CONTAMINATION

The discharge of fuel, waste fuel, and unspecified solvents during fire training
exercises from before 1970 through 1991 has been identified as the primary source of
soil and groundwater contamination at FT-i. Prior to 1970, fire training exercises
were conducted in an unlined pit located that is no longer evident at the ground surface.
The former pit was reportedly located between the recent pit and Building 1570. As no
liners or other containment devices were used within the burn pit, presumably many of
the unburned fuels and solvents percolated through the soil and into the groundwater
following each training exercise. Between 1970 and 1991, fire training exercises were
conducted at the lined pit that is still present at the site. Recent exercises consisted of

* floating approximately 300 gallons of uncontaminated fuel on 2 to 3 inches of water,
igniting the fuel, and extinguishing it with AFFF. The solution of water, AFFF, and I 0
unburned fuel remaining in the pit after the exercise was discharged through an
oil/water separator located approximately 150 feet east of the current fire training pit.
The frequency of fire training exercises, the volume of fuels used for each exercise
(prior to recent exercises), the start of fire training exercises at the former pit, and the
dates of use of waste fuels and solvents are unknown.

4.2 SOURCE AND SOIL CHEMISTRY

Residual NAPL is defined as the NAPL that is trapped in the aquifer by the
processes of cohesion and capillarity, and therefore, will not flow within the aquifer or
from the aquifer matrix into a well under the influence of gravity. Mobile NAPL is 0
defined as LNAPL that is free to flow in the aquifer and will flow from the aquifer
matrix into a well under the influence of gravity. At this site, the residual NAPL
consists of fuel hydrocarbons, primarily derived from jet fuel and waste solvents. The
following sections describe the residual NAPL contamination found at the site. Mobile
LNAPL or DNAPL was not observed in site monitoring wells and temporary
monitoring points.

4.2.1 Soil BTEX Contamination

Nine soil samples and three replicate soil samples were collected from six
Geoprobe locations at FT-i during November 1995.. The samples were analyzed for
BTEX and TMBs by the USEPA NRMRL. BTEX compounds were not detected in the

4-1

I:\PROJECrS\722450\CWP\TS\t .DOC

0I



FINAL

three soil samples collected at ES-SB-1, ES-SB-5, or ES-MP-4S. These sampling ()
locations are upgradient, crossgradient, and approximately 650 feet downgradient, S
respectively, from the lined burn pit. BTEX compounds were detected in all six soil
samples and three replicate samples collected from soil boreholes ES-SB-2, ES-SB-3, ,
and ES-SB-4. Boreholes ES-SB-2 and ES-SB-4 are located along the fringes of the
burn pit (Figure 4.1). Borehole ES-SB-3 is located approximately 50 feet east-
southeast (downgradient) from the burn pit. Soil samples at each of the three boreholes
were collected from 4 feet and 8 to 10 feet bgs. Total BTEX concentrations in all eight
of the nine samples were relatively uniform, ranging from 31.1 milligrams per
kilogram (mg/kg) in the replicate 4-foot sample from borehole ES-SB-2 to 186.7
mg/kg in the replicate 8-foot sample from borehole ES-SB-4. The sample from the 4-
foot interval in ES-SB-4 had a relatively low total BTEX concentration of 0.19 mg/kg.
The distribution of TMB detections mirrored those for BTEX. Figure 4.1 shows the O
locations of soil BTEX contamination. Table 4.1 presents soil analytical data from thZ
fall 1995 sampling.

The ROD specifies that benzene levels at FT-I are to be remediated to less than 0.5
mg/kg. The soil sample from the 4-foot interval in ES-SB-2 had a benzene
concentration of 0.568 mg/kg and was the only soil sample with a benzene S
concentration over 0.5 mg/kg. Benzene was detected above detection limits in 8 of the
12 soil samples, including replicates. Of the detected benzene concentrations in site
soils, the percent benzene in total detected BTEX ranged from 0.1 to 1.2 percent.

* Historically, BTEX compounds also were detected in the burn pit and up to 100 feet *
south of the burn pit and 450 east of the burn pit along the drainage ditch leading from
the oil/water separator. Historic total BTEX concentrations were comparable to or
slightly higher than those observed during the present investigation. The highest
detected historic concentration was 526.8 mg/kg from a depth of 5 to 6.5 feet bgs at a
borehole location that was very close to borehole ES-SB-4, where the highest total
BTEX concentration was detected during the current investigation at a depth of 8 feet 0
bgs.

4.2.2 Soil Chlorinated Solvent Contamination

The 12 soil samples collected in November 1995 also were analyzed for TCE and
PCE. TCE was not detected in any of soil samples; however, PCE was detected at e
concentrations of 0.02 to 0.07 mg/kg in five samples from boreholes ES-SB-2, ES-SB-
3, ES-SB-4, and ES-SB-5. With the exception of the sample from borehole ES-SB-5
(Figure 4.1), the PCE contamination is located in the vicinity of the burn pit. Historic
analytical data are not available for chlorinated solvents in site soils.

4.2.3 Total Organic Carbon S

TOC concentration is an estimate of the amount of organic matter sorbed on soil
particles or trapped in the interstitial passages of a soil matrix. The TOC concentration
in the saturated zone is an important parameter used to estimate the amount of
contaminant that could potentially be sorbed to the aquifer matrix. Sorption results in
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4 retardation of the contaminant plume migration relative to the average advective
groundwater velocity.

All of the soil samples collected by Parsons ES were analyzed by the USEPA
NRMRL for TOC. The samples that were taken at or near the groundwater interface
were used to estimate contaminant retardation as a result of sorption. TOC results
range from 0.03 to 2.61 percent (Table 4.1). TOC analyses often are influenced by the
presence of soil contamination, which may cause high soil TOC concentrations without
necessarily reflecting an increase in the sorptive properties of the soil. The average
TOC concentration for the samples containing no detected BTEX and collected near the
water table is 0.42 percent.

4.3 OVERVIEW OF BTEX AND CAll BIODEGRADATION

Mechanisms for natural attenuation of CAHs and BTEX include biodegradation,
dispersion, dilution from recharge, sorption, and volatilization. Of these processes,
biodegradation is the only mechanism working to transform contaminants into

4 innocuous byproducts. Intrinsic bioremediation occurs when indigenous
microorganisms work to bring about a reduction in the total mass of contamination in
the subsurface without the addition of nutrients. In order to provide a foundation for
interpreting site data, the following sections present the major bioremediation processes
that act upon CAHs and BTEX. Furthermore, biodegradation of either BTEX or
CAHs can play a significant role in the biodegradation of the other.

4.3.1 Biodegradation of BTEX

Fuel hydrocarbons biodegrade naturally when an indigenous population of
hydrocarbon-degrading microorganisms is present in the aquifer and sufficient
concentrations of electron acceptors and nutrients are available to these organisms. In
most subsurface environments, both aerobic and anaerobic degradation of fuel
hydrocarbons can occur, often simultaneously in different parts of the plume.

Microorganisms obtain energy for cell production and maintenance by facilitating
thermodynamically advantageous reduction/oxidation (redox) reactions involving the

4 transfer of electrons from electron donors to available electron acceptors. This results
in the oxidation of the electron donor and the reduction of the electron acceptor. Fuel
hydrocarbons occupy the role of electron donor for microbial metabolism and are
completely degraded or detoxified (Bouwer, 1992). Electron acceptors are elements or
compounds that occur in relatively oxidized states. Common native electron accer •rs
include DO, nitrate, ferric iron, sulfate, and carbon dioxide.4

The driving force of BTEX degradation is electron transfer and is quantified by the
Gibbs free energy of the reaction (AG',) (Stumm and Morgan, 1981; Bouwer, 1994;
Godsey, 1994). The value of AG*, represents the quantity of free energy consumed or
yielded to the system during the reaction. Table 4.2 lists stoichiometry of the redox

4 equations involving BTEX and the resulting AG*r. Although thermodynamically
favorable, most of the reactions involved in BTEX oxidation cannot proceed abiotically
because of the lack of activation energy. Microorganisms are capable of providing the
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TABLE 4.2
COUPLED OXIDATION REACTIONS FOR BTEX COMPOUNDS

SITE FT-I
REMEDIATION BY NATURAL ATTENUATION TS

FAIRCHILD AFB, WASHINGTON

AGO, AGOr Stoichiometric Mass

Coupled Benzene Oxidation Reactions (kcal/mole (kU/mole Ratio of Electron •
Benzene) Benzene) Acceptor to

Compound

7.502 + C6H6 =- 6CO2, +3H20 -765.34 -3202 3.07:1
Benzene aoidation /aerobic respiron

6N0"3 + 6H+ + C6 H 6 = 6CO2 ,5 + 6H20 + 3N2., -775.75 -3245 4.77:1
Benzene oidWaion / denirification _

3.75 NO 3 + C6H6 + 7.5 H+ + 0.75 H20 =:> 6 CO2 + 3.75 N-4+ -524.1 -2193 2.98:1
Benzene oxidation / nitrate redction

60H+ + 30Fe(OH)j.a + C6H 6 = 6CO2 + 30Fe2+ + 78H20 -560.10 -2343 21.5:1&

Benzene oxidation / iron reduction

7-5H+ + 3.75SO2" + CdH, - 6C02 , + 3.75HSO+3H2O -122.93 -514.3 4.61:1
Benzene oxidation / su4&ae reduction 5

4.5H20 + C6 H6 = 2.25CO2,g + 3.75CH4  -32.40 -135.6 0.77:1 D'
Benzene oaidation / metlkmogenesis

AG~r AG~r Stoichiometric Mass
Coupled Toluene Oxidation Reactions (kcal/mole (kI/mole Ratio of Electron

Toluene) Toluene) Acceptor to
Compound

902 + CHCHJ * 7COZ, + 4H20 -913.76 -3823 3.13:1
Toluene oxidaion /aerbic respirmion

7.2NOC, + 7.2H* + C 6 HsCHj =, 7COC,, + 7.6HO + 3.6Nz, -926.31 -3875 4.85:1
Toluene oxidation / deniti c ation

72H' + 36Fe(OH)j.. + CHCH, - 7C0, + 36F02÷ + 94HO -667.21 -2792 21.86: 1"

Toluene oxidation / iron reduction

9H÷ + 4.5SO"- + C6HCHj : 7COZ, + 4.5HzS' + 4H20 -142.86 -597.7 4.7:1
Toluene oxidation / smdftte reduction

5H20 + C6H5CHj - 2.5COZ, + 4.5CH, -34.08 -142.6 0.78:1
Toluene oxidation / meihanogenesis
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TABLE 4.2 (CONCLUDED)
COUPLED OXIDATION REACTIONS FOR BTEX COMPOUNDS

SITE FT-I
REMEDIATION BY NATURAL ATTENUATION TS

FAIRCHILD AFB, WASHINGTION

AG-, AG°, Stoichiometric Mass
Coupled Ethylbenzene Oxidation reactions (kcal/mole (ki/mole Ratio of Electron

Ethyl- Ethyl- Acceptor to
benzene) benzene) Compound

10.502 + C6 HjC2Hj =, 8C02, +5H,0 -1066.13 -4461 3.17:1
Ethylbenzene oxidation laerobic respiraion

8.4N0"• + 8-4H÷ + C6HC2H! • 8C0•. + 9.2H20 + 4.2Nz, -1080.76 -4522 4.92:1
Elhylbenzene oxidation /deiniificahmn

84H+ + 42Fe(OH),. + C6HCzHs =• 8C0s + 42Fe2÷ + 11OH2O -778.48 -3257 22:1 v

Ethylbenzene oxidation / iron reduction

I0.5H÷ +5.25SOi + C6H5C2HJ - 8C0Z, +5.25HzS +SH2OEth -166.75 -697.7 4.75:1
yLbenzene oxdation / sulae reduction

5.5H20 + C6H5C2H, - 2.75C0•, + 5.25CH4 -39.83 -166.7 0.79:1 D
EFhylbenzene oxidation / mehaiwgenesu _

AG0 r AG', Stoichiometric Mass

4 Coupled m-Xylene Oxidation Reactions (kcal/mole (kJ/mole Ratio of Electron
m-xylene) m-xylene) Acceptor to

Compound

10.502 + CH,H(CHj)z , 8C02, +5H20 -1063.25 -4448 3.17:1
m-Xylene oxidation laerobic respiraion

8.4NOj + 8.4H÷ + C6Hd(CH,), : 8COz, + 9.2HO + 4.2Nz,2 -1077.81 -4509 4.92:1
m-Xylene oxidation / dendfi cation

84H÷ + 42Fe(OH),.o + C6HS(CHj)2 * 8CO + 42Fel÷ + 1IOH20 -775.61 -3245 22:1"

m-Xylene oxidation / iron reduction

O.5H÷ +5.25S0-, + C6H 4 (CH,)2 = 8COze +5.25H2So +SH2O -163.87 -685.6 4.75:1
m-Xylene oxidation / sulfate reduction

5.5HzO + CH,(CH)z - 2.75CO, +5.25CH, -36.95 -154.6 0.79:1D

m-Xylene oxidation / methanogenesis

, Mass of ferrous iron produced during microbial respiration.
b/ Mass of methane produced during microbial respiration.
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necessary activation energy; however, they will facilitate only those redox reactions
Sthat have a net yield of energy (i.e. AG'r <0). Microorganisms preferentially utilize 0

electron acceptors while metabolizing fuel hydrocarbons (Bouwer, 1992). DO is
utilized first as the prime electron acceptor. After the DO is consumed, anaerobic
microorganisms typically use electron acceptors (as available) in the following order of
preference: nitrate, ferric iron hydroxide, sulfate, and finally carbon dioxide.

In addition to being controlled by the energy yield of the reaction, the expected 0
sequence of redox processes is also a function of the oxidizing potential of the
groundwater. This potential is a measure of the relative tendency of a solution or
chemical reaction to accept or transfer electrons. As each subsequent electron acceptor
is utilized, the groundwater becomes more reducing and the redox potential of the

4 water decreases. The main force driving this change in redox potential is microbially 0
mediated redox reactions. Redox potential can be used as an indicator of which redox
reactions may be operating at a site.

Depending on the types and concentrations of electron acceptors present (e.g.,
nitrate, ferric iron, sulfate, carbon dioxide), pH conditions, and redox potential,
anaerobic biodegradation of fuel hydrocarbons and CAHs can occur by denitrification, S
ferric iron reduction, sulfate reduction, methanogenesis. Other, less common
anaerobic degradation mechanisms such as reductive dehalogenation or manganese or
nitrate reduction may dominate if the physical and chemical conditions in the
subsurface favor use of these electron acceptors. Anaerobic destruction of BTEX

4 compounds is associated with the accumulation of fatty acids, production of methane,
solubilization of iron, and reduction of nitrate and sulfate (Cozzarelli et al., 1990;
Wilson et al., 1990). Environmental conditions and microbial competition will
ultimately determine which processes will dominate. Vroblesky and Chapelle (1994)
show that the dominant terminal electron accepting process can vary both temporal'
and spatially in an aquifer with fuel hydrocarbon contamination.

4.3.2 Biodegradation of Chlorinated Solvents 0

Whereas BTEX is biodegraded in essentially one step by acting as an electron
donor/carbon source, CAHs may undergo several types of biodegradation involving
several steps. CAHs may undergo biodegradation through three different pathways:

4 use as an electron acceptor, use as an electron donor, or cometabolism, which is 0
degradation resulting from exposure to a catalytic enzyme fortuitously produced during
an unrelated process. At a given site, one or all of these processes may be operating,
although the use of CAHs as electron acceptors appears to be the most likely.

In a pristine aquifer, native organic carbon is utilized as an electron donor and DO is
utilized first as the prime electron acceptor. Where anthropogenic carbon (e.g., fuel
hydrocarbons or low-molecular-weight CAHs) is present, it also will be utilized as an
electron donor. After the DO is consumed, anaerobic microorganisms typically use
native electron acceptors (as available) in the following order of preference: nitrate,
ferric iron oxyhydroxide, sulfate, and finally carbon dioxide. Evaluation of the

4 distribution of these electron acceptors can provide evidence of where and how CAH
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* ,, biodegradation is occurring. In addition, because CAHs may be used as electron
acceptors or electron donors (in competition with other acceptors or donors), isopleth
maps showing the distribution of these compounds also will provide evidence on the
types of biodegradation processes acting at a site.

As with BTEX, the driving force behind redc. reactions resulting in CAH
degradation is electron transfer. Although thermodyndin cally favorable, most of the 0
reactions involved in CAH reduction and oxidation caniot proceed abiotically because
of the lack of activation energy. Microorganisms are capable of providing the
necessary activation energy; however, they will facilitate only those redox reactions
that have a net yield of energy (i.e. AG°°<0).

4.3.2.1 Electron Acceptor Reactions (Reductive Dehalogenation) 0

Under anaerobic conditions, biodegradation of chlorinated solvents usually proceeds
through a process called reductive dehalogenation. During this process, the
halogenated hydrocarbon is used as an electron acceptor, not as a source of carbon, and
a halogen atom is removed and replaced with a hydrogen atom. Figure 4.2 illustrates
the transformation of chlorinated ethenes via reductive dehalogenation. In general,
reductive dehalogenation occurs by sequential dehalogenation from TCE to DCE to VC
to ethene. Depending upon environmental conditions, this sequence may be
interrupted, with other processes then acting upon the products. During reductive
dehalogenation, all three isomers of DCE can theoretically be produced; however,

* Bouwer (1994) reports that under the influence of biodegradation, cis-1,2-DCE is a D 4
more common intermediate than trans-l,2-DCE, and that 1,1-DCE is the least
prevalent intermediate of the three DCE isomers. Reductive dehalogenation of
chlorinated solvent compounds is associated with the accumulation of daughter products
and an increase in chloride.

Reductive dehalogenation affects each of the chlorinated ethenes differently. Of 0
these compounds, TCE is more susceptible to reductive dehalogenation because it is the
most oxidized. Conversely, VC is the least susceptible to reductive dehalogenation
because it is the least oxidized of these compounds. The rate of reductive
dehalogenation also has been observed to decrease as the degree of chlorination
decreases (Vogel and McCarty, 1985; Bouwer, 1994). Murray and Richardson (1993) D
have postulated that this rate decrease may explain the accumulation of VC in TCE
plumes that are undergoing reductive dehalogenation.

In addition to being affected by the degree of chlorination of the CAH, reductive
dehalogenation also can be controlled by the redox conditions of the site groundwater
system. In general, reductive dehalogenation has been demonstrated under anaerobic
nitrate- and sulfate-reducing conditions, but the most rapid biodegradation rates,
affecting the widest range of CAHs, occur under methanogenic conditions (Bouwer,
1994). Dehalogenation of TCE to DCE can proceed under mildly reducing conditions
such as nitrate reduction or iron (III) reduction (Vogel et al., 1987), while the
transformation of DCE to VC, or the transformation from VC to ethene requires more
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strongly reducing conditions (Freedman and Gossett, 1989; DeStefano et al., 1991;
DeBruin et al., 1992). 0

Because CAH compounds are used as electron acceptors, there must be an
appropriate source of carbon for microbial growth in order for reductive dehalogenation
to occur (Bouwer, 1994). Potential carbon sources can include low-molecular-weight
compounds (e.g., lactate, acetate, methanol, or glucose) present in natural organic D
matter, or fuel hydrocarbons.

4.3.2.2 Electron Donor Reactions

Under aerobic conditions some CAH compounds can be utilized as the primary
substrate (i.e., electron donor) in biologically mediated redox reactions (McCarty and D
Semprini, 1994). In this type of reaction, the facilitating microorganism obtains energy
and organic carbon from the degraded CAH. In contrast to reactions in which the
CAH is used as an electron acceptor, only the least oxidized CAHs (e.g., VC, DCE, or
chlorobenzene) may be utilized as electron donors in biologically mediated redox
reactions.

For example, while Murray and Richardson (1993) write that microorganisms are
generally believed to be incapable of growth using TCE, other less chlorinated CAHs
have been shown to be used as substrates. Davis and Carpenter (1990) describe the
aerobic oxidation of VC in groundwater. McCarty and Semprini (1994) describe

S investigations in which VC and 1,2-DCA were shown to serve as primary substrates.
These authors also document that dichloromethane has the potential to function as a
primary substrate under either aerobic or anaerobic environments. Klier et al. (1996)
describe aerobic mineralization of all three isomers of DCE. In addition, Bradley and
Chapelle (1996) show evidence of oxidation of VC under iron-reducing conditions so
long as there is sufficient bioavailable iron (III). Aerobic metabolism of VC may be
characterized by a loss of VC mass, a decreasing molar ratio of VC to other CAH P
compounds, and the presence of chloromethane.

4.3.2.3 Cometabolism

When a CAH is biodegraded through cometabolism, it serves as neither an electron
acceptor nor a primary substrate in a biologically mediated redox reaction. Instead, the
degradation of the CAH is catalyzed by an enzyme or cofactor that is fortuitously
produced by organisms for other purposes. The organism receives no known benefit
from the degradation of the CAH; rather the cometabolic degradation of the CAH may
in fact be harmful to the microorganism responsible for the production of the enzyme
or cofactor (McCarty and Semprini, 1994).

Cometabolism is best documented in aerobic environments, although it potentially
could occur under anaerobic conditions. It has been reported that under aerobic
conditions chlorinated ethenes, with the exception of PCE, are susceptible to
cometabolic degradation (Murray and Richardson, 1993; Vogel, 1994; McCarty and
Semprini, 1994). Vogel (1994) further elaborates that the cometabolism rate increases •
as the degree of dehalogenation decreases.

4-11

I:\PROJECTS\72245OkFCWMTS\ 1.DOC

• • • • • • •



S
FINAL

Of

In the cometabolic process, TCE is indirectly transformed by bacteria as they use ('
BTEX or another substrate to meet their energy requirements. Therefore, TCE does S
not enhance the degradation of BTEX or other carbon sources, nor will its
cometabolism interfere with the use of electron acceptors involved in the oxidation of
those carbon sources. It is likely that depletion of suitable substrates (BTEX or other
organic carbon sources) limit cometabolism of CAHs.

4.4 GROUNDWATER CHEMISTRY 5

Three lines of evidence can be used to document the occurrence of natural
attenuation: 1) geochemical evidence; 2) documented loss of contaminant mass at the
field scale; and 3) laboratory microcosm studies. The first two lines of evidence
(geochemical evidence and documented loss of contaminants) are used herein to support
the occurrence of RNA, as described in the following sections. Because these two lines
of evidence strongly suggest that natural attenuation of benzene (and other organic
compounds) is occurring at this site, laboratory microcosm studies were not deemed
necessary.

4.4.1 Dissolved Hydrocarbon and Chlorinated Solvent Contamination •

Groundwater samples collected at FT-1 were analyzed for BTEX compounds, TPH,
and chlorinated solvent concentrations on at least eight occasions since 1986. The
highest detected total BTEX concentrations have historically been detected in
monitoring wells MW-3 and MW-152. Both wells are screened in the shallow
unconsolidated deposits and are located approximately 200 to 300 feet downgradient 5
from the existing burn pit at FT-I. The detected concentrations have fluctuated
through time, possibly as a result of sampling techniques, laboratory analyses, or
seasonal variations; however, since 1989, total detected BTEX concentrations have
always exceeded 200 lig/L at both wells, with benzene concentrations greater than 50
.Lg/L. Monitoring well MW-156 is located within 100 feet of the existing bum pit;

however, BTEX contamination has never been detected in groundwater from this well
because it is both crossgradient from the existing burn pit and is screened in the shallow
bedrock (beneath the unconsolidated deposits). The highest total BTEX concentration
detected in a shallow bedrock well at site FT-I was 49.1 Pg/L, with no contribution
from benzene.

The highest dissolved chlorinated solvent concentrations have consistently been
detected in monitoring well MW-2, with maximum detected concentrations for TCE
and cis-l,2-DCE of 29 and 360 pg/L, respectively. Monitoring well MW-2 is located
approximately 200 feet north (crossgradient) from the existing burn pit. Elsewhere at
the site TCE concentrations have not exceeded 6 gag/L and DCE concentrations have
not exceeded 17 gLg/L. TCE has not been detected in samples collected from
monitoring wells MW-3 and MW-152, the downgradient wells nearest to the existing
burn pit; however, beginning with 1995 sampling events, vinyl chloride has
consistently been detected in both of these downgradient wells at concentrations in
excess of 10 ag/L.
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Analytical results for groundwater samples collected in November 1995 at (g)
previously installed monitoring wells confirm these historical observations. Analytical S
results for samples from temporary monitoring points were used to better define the
vertical extent of contamination. Tables 4.3 and 4.4 summarize groundwater 4,
contaminant data for the November 1995 samples. Analytical results from the current
investigation are discussed in the following subsections.

4.4.1.1 Dissolved BTEX Contamination S

The estimated areal distribution of total dissolved BTEX in groundwater for
November 1995, with supplemental data for ES-GPC from May 1996, is presented on
Figure 4.3. The area includes both wells with total dissolved BTEX concentrations
detected in November 1995 (MW-3 and MW-151) and extends approximately 500 feet
east southeast from the existing burn pit to within a few feet of monitoring wells MW-
155 and MW-227. These wells are thought to be near the leading edge of the dissolved
BTEX plume because benzene and o-xylene were identified below the detection level of
1 gg/L in the groundwater sample from MW-227 during November 1995, and because
BTEX compounds were detected in a groundwater sample collected from MW-155
during May 1995 (ES&T and MWA, 1995). In May 1996, a groundwater grab sample S
from near the center of the bum pit had a benzene concentration of 229 Atg/L and total
BTEX concentration of 5,220 gLg/L. In November 1995, the maximum observed total
BTEX concentration was 1,870 lpg/L, in the sample collected from shallow monitoring
well MW-152. The maximum benzene concentration of 251 jig/L also was detected at

* this location. The only other BTEX detected was in the sample from MW-3 at 1,040
pgg/L, with benzene accounting for 174 tig/L. With detections of BTEX compounds 5 0
(including benzene) from only three of the sampled locations at FT-1 in November
1995, an isopleth map could not be constructed.

In November 1995, dissolved BTEX concentrations were not detected from any well
screened below the unconsolidated deposits, suggesting that BTEX contamination is not
migrating vertically downward into the shallow bedrock. In addition, the vertical
distribution of BTEX in the unconsolidated deposits was evaluated at the ES-GP-
1D/MW-3 cluster. The sample from monitoring well MW-3, screened across the water
table, had a total BTEX concentration of 1,040 pig/L; whereas, BTEX was not detected
in the sample from monitoring point ES-GP-1D, screened at the base of the
unconsolidated deposits. This suggests that the vertical migration of BTEX within the S
unconsolidated deposits at the head of the plume also is insignificant.
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4.4.1.2 Dissolved Chlorinated Solvent Contamination

The distributions of dissolved TCE, cis-1,2-DCE, and vinyl chloride in groundwater
for November 1995 (with May 1996 data for ES-GPC) are presented on Figure 4.3.
The reported concentrations of individual chlorinated solvents, ethene, and ethane are
presented in Table 4.2. The sources of chlorinated solvents within the study area is
unclear. Given that chlorinated solvents were at one time used in fire training
activities, presumably at least some of the site dissolved chlorinated solvent 5
contamination originates from the area of former fire training activities.

Vinyl chloride and cis-1,2-DCE plumes were estimated to extend from the existing
burn pit to the vicinity of Perimeter Road, approximately 650 feet downgradient from
the burn pit. Isopleths are drawn on the basis of concentrations detected in samples
from sampling locations screened in the unconsolidated deposits. In the unconsolidated
deposits, TCE distribution could not be contoured because the three TCE detections (at
ES-GPC, MW-2, and MW-50) were widely separated spatially (Figure 4.3). The
highest concentrations of both TCE and DCE were detected in the May 1996
groundwater sample from the burn pit at 63.4 lag/L and 124 lag/L, respectively.
Consistent with historic sampling results, one of the two TCE detections outside of the I
burn pit and the highest cis-1,2-DCE detection (7.1 pig/L) outside of the burn pit were
measured in the sample collected from crossgradient monitoring well MW-2, located
approximately 200 feet north from the existing burn pit.

Of all detected downgradient chlorinated solvents from the burn pit, vinyl chloride
was detected at the highest concentrations. Vinyl chloride concentrations of 38 jig/L 0
and 27 pig/L were detected in samples from monitoring wells MW-3 and MW-152,
respectively. These two locations are directly downgradient from the existing burn pit
and are the same two downgradient locations where BTEX was detected (Figure 4.3).
A vinyl chloride concentration of 11.9 gg/L was detected in the May 1996 groundwater
sample from ES-GPC in the burn pit. 0

As with dissolved BTEX, vertical migration for dissolved chlorinated solvents
appears to be insignificant. For instance, at the MW-3/ES-GP-ID well cluster vinyl
chloride was detected at 2.4 gg/L immediately above the bedrock (ES-GP-1D) and at
38 jig/L near the water table (MW-3). The only chlorinated solvent concentrations
detected in wells screened across shallow bedrock we-e 2.2 gg/L or less (Table 4.3). 0
Based on available data, the presence of DNAPL at Site FT-1 is unlikely.

For the entire site, vinyl chloride accounted for 80 percent of the total detected
chlorinated solvents in November 1995/May 1996; cis-1,2-DCE accounted for 14
percent; and, TCE and trans-1,2-DCE accounted for the remaining 6 percent. 6

One of the most straightforward methods for evaluating the occurrence and method
of biodegradation of CAHs is to look at the distribution of target CAHs and the
products of biodegradation (e.g., the daughter products) of those compounds. The
presence of the daughter products cis-1,2-DCE, vinyl chloride, and ethene in samples
collected from within the burn pit and immediately downgradient suggest that reductive 0
dehalogenation is an active process at the site. At the same time, it is also useful to
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look at the distribution of other contaminants that may be acting as sources of electron
donors (e.g., BTEX). S

A typical pattern for reductive dehalogenation (as presented by Vogel, 1994) would
have TCE concentrations highest in the source area, with elevated DCE concentrations
(consisting mostly of cis- I, 2-DCE) within and just downgradient from the source area.
Vinyl chloride concentrations could be present along the entire plume length, with the
highest VC concentrations likely to be found near the downgradient end of the CAH
plume. If VC is also being reductively dehalogenated, dissolved ethene may also be
present downgradient of the source area. A similar pattern is observed at FT-I with
VC concentrations increasing downgradient from the source area, while TCE and cis-
1,2-DCE concentrations decrease to less 1.2 lig/L immediately downgradient from the
burn pit. Ethene was detected in four of the seven groundwater samples that also had
VC contamination. The lack of a defined ethene plume may be the result of higher DO
levels at the anaerobic downgradient fringe of the VC plume facilitating the complete
mineralization of VC to carbon dioxide and water.

4.4.2 Geochemical Indicators

In addition to the contaminant distributions, geochemical indicators can be used to
support the contention that biodegradation of BTEX and CAHs is ongoing at FT-01.
As noted in Section 4.3, comparing concentrations and distributions of electron donors,
electron acceptors, and byproducts of microbially mediated reactions can help indicate
what types of processes are operating at a site. In addition, other geochemical
parameters also can provide supporting evidence, including redox potential, alkalinity,
and other changes in groundwater chemistry. In addition, other data can be useful for
interpreting and confirming BTEX and CAH biodegradation mechanisms, such as
volatile fatty acid concentrations. Table 4.5 summarizes groundwater geochemical data
gathered during the RNA site investigation at Fairchild AFB. Geochemical indicators
for site FT-I are discussed in the following sections.

4.4.2.1 Dissolved Oxygen

DO concentrations were measured at monitoring wells and points at the time of
groundwater sampling iii the November 1995 and May 1996. Table 4.5 summarizes
measured DO concentrations. Figure 4.4 is an isopleth map showing the distribution of S
DO concentrations in shallow groundwater. These data provide strong e'idence that
aerobic biodegradation of the BTEX compounds is occurring at the site. Given
background DO concentrations in the shallow groundwater (5.7 mg/L at monitoring
point ES-GP-4S) and negligible DO concentrations within the burn pit area and the area
occupied by the BTEX plume, it ;'s likely that DO is an important electron acceptor at
FT-01. Within the area of dissolved BTEX contamination, DO concentrations range
from 0.5 mg/L to 0.86 mg/I, (ES-GPC and MW-3, respectively).

The stoichiometry of BTEX mineralization to carbon dioxide and water caused by
aerobic microbial biodegradation is presented in rable 4.2. The average mass ratio of
oxygen to total BTEX is approximately 3.14 to 1. This translates to the mineralization
of approximately 0.32 mg of BTEX for every 1.0 mg of DO consumed. With an
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assumed background DO concentration of 5.7 mg/L, the shallow groundwater at this
site has the capacity to assimilate 1.8 mg/L (1,800 &ig/L) of total BTEX through
aerobic biodegradation. This may be a conservative estimate of the assimilative
capacity of DO because microbial cell mass production is not taken into account by the
stoichiometry present in Table 4.2.

When cell mass production is accounted for, the mineralization of benzene to carbon
dioxide and water is given by:

C6H6 + 2.502 + HCO3 + NH4 -4 C5H7O2N + 2CO2 + 2H 20

From this it can be seen that 5 fewer moles of DO are required to mineralize 1 mole
of benzene when cell mass production is taken into account. On a mass basis, the ratio
of DO to benzene is given by:

Benzene 6(12) + 6(1) = 78 gm

Oxygen 2.5(32)= 80 gm

Mass Ratio of Oxygen to Benzene = 80/78 = 1.03:1

On the basis of these stoichiometric relationships, 1.03 mg of oxygen is required to
mineralize 1 mg of benzene, if cell mass is being produced. Similar calculations can be
made for toluene, ethylbenzene, and the xylenes. On the basis of these calculations,

* approximately 0.97 mg of BTEX is mineralized to carbon dioxide and water for every
1.0 mg of DO consumed.

Although this process results in more efficient utilization of electron acceptors, it is
only applicable as the net cell mass of the microbial population continues to grow.
Because groundwater contamination has been present at Site FT-1 for numerous years,it is possible that biomass production has reached equilibrium. In that case, the cell
mass reaction equations would no longer apply.

4.4.2.2 Nitrate/Nitrite

Concentrations of nitrate and nitrite [as nitrogen (N)] were measured in groundwater
samples collected in November 1995 and May 1996. Table 4.5 summarizes measured
nitrate/nitrite (as N) concentrations. Figure 4.4 presents an isopleth map for
nitrate/nitrite in shallow (unconsolidated deposits) groundwater. The data indicate
reduced nitrate/nitrite concentrations within the groundwater BTEX plume, suggesting
that nitrate is an important electron acceptor at this site. Nitrate/nitrite (as N) was
detected in site groundwater at concentrations ranging from <0.05 mg/L within the
BTEX plume to 2.4 mg/L upgradient from the plume.

In the absence of microbial cell production, the stoichiometry of BTEX
mineralization to carbon dioxide, water, and nitrogen caused by denitrification is
presented in Table 4.2. The average mass ratio of nitrate to total BTEX is
approximately 4.9 to 1. This translates into the mineralization of approximately 0.20
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mg of BTEX for every 1.0 mg of nitrate consumed. This ratio of nitrate consumption
assumes that nitrate nitrogen is reported as nitrate ion (NO3) instead of elemental S
nitrogen (N). The nitrate nitrogen concentrations shown in Table 4.4 are reported as
N, and must be multiplied by 4.42 to be converted into nitrate nitrogen concentrations
as NO3.

Due to the variation of nitrate/nitrite levels between the BTEX plume boundaries
and the background well a background nitrate/nitrite concentration of 10.6 mg/L was
assumed (as NO 3) [nitrate/nitrogen (as N) in Table 4.2 was converted to
nitrate/nitrogen (as NO3) by multiplying by 4.42]. Therefore, the shallow groundwater
at this site has the capacity to assimilate 2.12 mg/L (2,120 lag/L) of total BTEX during
denitrification. Because biomass accumulation is not considered, the actual assimilative
capacity attributable to denitrification could be somewhat higher.

4.4.2.3 Sulfate

Sulfate concentrations were measured in groundwater samples collected in
November 1995 and May 1996. Shallow sulfate concentrations at the site range from
<0.05 mg/L near the burn pit to 13.1 mg/L at well MW-50. Table 4.5 summarizes S
measured sulfate concentrations. Figure 4.4 presents an isopleth map illustrating the
areal extent of sulfate in groundwater. Comparison of the individual plumes on Figure
4.4 shows graphically that the area of depleted sulfate concentrations corresponds to the
anaerobic (DO-depleted) portions of the BTEX plume. This is a strong indication that

* anaerobic biodegradation of the BTEX compounds is occurring at the site. In addition,
the depleted sulfate concentrations suggest that reductive dehalogenation of TCE may
be occurring at the site. The lowest sulfate concentration was measured in a
groundwater sample from monitoring point location ES-GPC (<0.05 mg/L), which is
located in the center of the burn pit.

The stoichiometry of BTEX mineralization to carbon dioxide, sulfur, and water by
microbial sulfate reduction is presented in Table 4.2. The average mass ratio of sulfate
to total BTEX is approximately 4.7 to 1. This translates to the mineralization of
approximately 0.21 mg of total BTEX for every 1.0 mg of sulfate consumed. Sulfate
concentrations at monitoring locations upgradient and at the plume fringe range from
9.4 mg/L to 13.1 mg/L, with an average concentration of 11.3 mg/L. Assuming a
background concentration of 11.3 mg/L, the shallow groundwater at this site has the
capacity to assimilate 2.4 mg/L (2,400 4g/L) of total BTEX through sulfate reduction.
Because biomass accumulation is not considered, the actual assimilative capacity
attributable to sulfate reduction could be somewhat higher.

4.4.2.4 Ferrous Iron

Ferrous iron (Fe2+) concentrations were measured in groundwater samples collected
in November 1995 and May 1996. Table 4.5 summarizes ferrous iron concentrations,
and Figure 4.5 presents an isopleth map showing the distribution of ferrous iron in
groundwater. Comparison of ferrous iron concentrations with the BTEX plume and
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DO isopleth map (Figure 4.4) indicates that ferrous iron is being produced in the
anaerobic portion of the BTEX plume due to the reduction of ferric iron hydroxide
(Fe 3÷) during anaerobic biodegradation of BTEX compounds. Background ferrous iron
concentrations are as low as < 0. 1 mg/L, as measured at wells with little or no BTEX
concentration. Groundwater samples from point ES-GPC and well MW-152 in the
interior of the BTEX plume, had the highest ferrous iron concentrations, at 20.5 and
22.3 mg/L of Fe2+, respectively. These relationships are a strong indication that
anaerobic biodegradation of BTEX compounds is occurring in the shallow groundwater
through iron reduction.

The stoichiometry of BTEX oxidation to carbon dioxide, ferrous iron, and water by
microbial iron reduction is presented in Table 4.2. On average 37.5 moles of ferric
iron hydroxide are required to metabolize one mole of total BTEX. Conversely, an
average of 37.5 moles of ferrous iron are produced for each mole of total BTEX
consumed. On a mass basis, this translates to approximately 21.8 mg ferrous iron
produced for each 1 mg of total BTEX metabolized. Given a background ferrous iron
concentration of <0.1 mg/L and a maximum ferrous iron concentration of 22.3 mg/L,
the shallow groundwater has the capacity to assimilate approximately 1.0 mg/L (1,000
g.tg/L) of total BTEX through iron reduction. This is a conservative estimate of the
assimilative capacity of iron because this calculation is based on observed ferrous iron
concentrations and not on the amount of ferric hydroxide available in the aquifer.
Therefore, iron assimilative capacity could be much higher.

4 Recent evidence suggests that the reduction of ferric iron to ferrous iron cannot
proceed at all without microbial mediation (Lovley and Phillips, 1988; Lovley et al.,
1991; Chapelle, 1993). None of the common organic compounds found in low-
temperature, neutral, reducing groundwater could reduce ferric oxyhydroxides to
ferrous iron under sterile laboratory conditions (Lovley et al., 1991). This means that
the reduction of ferric iron requires microbial mediation by microorganisms with the
appropriate enzymatic capabilities. Because the reduction of ferric iron cannot proceed
without microbial intervention, the elevated concentrations of ferrous iron that were
measured in the contaminated groundwater at the site are very strong indicators of
microbial activity.

4.4.2.5 Methane

Methane concentrations were measured in groundwater samples collected in
November 1995. Table 4.5 summarizes methane concentrations, which range from
below the quantitation limit to 19.1 mg/L. Figure 4.5 presents an isopleth map
showing the distribution of methane in groundwater. Comparison of the methane

4 plume and the BTEX plume on Figure 4.5 illustrates that the areas with elevated total
BTEX concentrations correlate well with elevated methane concentrations. Outside of
the BTEX plume, the methane concentrations are <0.001 mg/L (the analytical
quantitation limit). The highest methane concentrations were detected in the core of the
BTEX plume, at monitoring wells MW-152 (19.1 mg/L) and MW-3 (15.0 mg/L), and
monitoring point ES-GPC (15.9 mg/L). This is a strong indication that BTEX

4 compounds are being biodegraded by the anaerobic process of methanogenesis at the
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site. In addition, the high methane concentrations suggest that reductive
* dehalogenation of TCE, DCE, and vinyl chloride may be occurring at the site.

The stoichiometry of BTEX oxidation to carbon dioxide and methane by
methanogenesis is presented in Table 4.4. On average, approximately 1 mg of total
BTEX is mineralized for every 0.78 mg of methane produced. Given a maximum
detected methane concentration of 19.1 mg/L, the shallow groundwater has the capacity
to assimilate approximately 24.4 mg/L (24,400 pig/L) of total BTEX through
methanogenesis. This is a conservative estimate of the assimilative capacity of
methanogenesis because these calculations are based on observed methane
concentrations and not on the amount of carbon dioxide (the electron acceptor for
methanogenesis) available in the aquifer. Because methanogenesis produces more

* carbon dioxide than it consumes, an unlimited supply of carbon dioxide is theoretically
available once the process of methanogenesis has been initiated. Therefore,
methanogenesis is limited by the rate of reaction rather than the source of electron
acceptors.

4.4.2.6 Reduction/Oxidation Potential

Redox potential is a measure of the relative tendency of a solution to accept or
transfer electrons. The redox potential of a groundwater system depends on which
electron acceptors are being reduced by microbes during BTEX oxidation. Redox
potentials were measured at groundwater monitoring wells/points in November 1995

* * and May 1996. These measurements are summarized in Table 4.5 and presented on
Figure 4.6. The redox potentials, as measured relative to hydrogen, at the site range
from -127 millivolts (mV) at monitoring well MW-3 to 200 mV at monitoring well
MW-4. As expected, areas at the site with low redox potentials coincide with areas of
high BTEX contamination, low DO, nitrate, and sulfate concentrations; and elevated
ferrous iron and methane concentrations.

4.4.2.7 Volatile Fatty Acids

At monitoring wells MW-3 and MW-62, a groundwater sample was collected and
analyzed for volatile fatty acids. This test is a gas chromatography/mass spectrometry
(GC/MS) method wherein the samples are compared to a standard mixture containing a

* total of 58 phenols, aliphatic acids, and aromatic acids. Compounds in the standard
mixture are generally associated with microbial processes that break down petroleum
hydrocarbons. USEPA researchers reported that the sample from MW-3 contained 31
of the 58 compounds in the standard mixture that can be detected. In the MW-62
groundwater sample, 24 of the compounds were detected.

4.4.2.8 Alkalinity

Alkalinity is a measure of the ability of groundwater to buffer changes in pH caused
by the addition of biologically generated acids. In November 1995 and May 1996,
total alkalinity (as calcium carbonate) was measured in groundwater samples. These

* measurements are summarized in Table 4.5. Figure 4.6 presents an isopleth map
illustrating the increase in alkalinity in the areas of high BTEX concentration. Total
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alkalinity at the site ranges from 72 mg/L at well MW-151 to 1,260 mg/L in a
groundwater sample from the ES-GPC in burn pit. When compared with the BTEX S
plume, the elevated alkalinity isopleths correlate with the groundwater BTEX plume.
The total background alkalinity at FT-08 is in the moderate range for groundwater.
The increase in alkalinity in the areas of groundwater BTEX contamination is in
response to increased carbon dioxide levels that result from BTEX biodegradation.
Increasing alkalinity acts as a buffer to weakly acidic conditions brought about by an
increase in carbon dioxide.

4.4.2.9 Carbon Dioxide in Groundwater

Carbon dioxide is produced in the plume area as a byproduct of aerobic respiration,
denitrification, iron reduction, sulfate reduction, and methanogenesis (Table 4.2).
Groundwater carbon dioxide measurements were collected from site monitoring wells
in November 1995. Table 4.5 summarizes the groundwater carbon dioxide
measurements, and Figure 4.6 illustrates the lateral extent of the elevated carbon
dioxide levels present at FT-01. Comparison of the area of elevated carbon dioxide
with the dissolved BTEX plume further supports the inference that biodegradation of
BTEX compounds is occurring. S

4.4.2.10 pH

The pH of a solution is the negative logarithm of the hydrogen ion concentration
* [H+]. pH was measured for groundwater samples collected from groundwater

monitoring locations in November 1995. These measurements are summarized in
Table 4.5. Groundwater pH measured at the site ranges from 6.95 to 8.81 standard
units. This range of pH is within the optimal range for biologic activity (Atlas, 1988).

4.4.2.11 Temperature
S

Temperature affects the types and growth rates of bacteria that can be supported in
the groundwater environment, with high temperatures generally resulting in higher
growth rates. Groundwater temperature measurements made in November 1995 and
May 1996 are summarized in Table 4.5. Temperatures in the aquifer varied from 6.9
degrees Celsius (°C) to 12.5 'C. These are relatively low temperatures for shallow
groundwater; recent work suggests that biologic activity in aquifers found in colder
climates is comparable to normal temperature range aquifers (Herrington et aL, 1996).

4.4.3 Expressed Assimilative Capacity for BTEX Degradation

The data presented in the preceding sections suggest that mineralization of BTEX
compounds is occurring through the microbially mediated processes of aerobic
respiration, denitrification, iron reduction, sulfate reduction, and methanogenesis. On
the basis of the stoichiometry presented in Table 4.4, the expressed BTEX assimilative
capacity of groundwater at FT-I is at least 31 mg/L (Table 4.6).
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TABLE 4.6
EXPRESSED ASSIMILATIVE CAPACTIY OF SITE GROUNDWATER

SITE FF-1
REMEDAITON BY NATURAL ATTENUATION TS

FAIRCHILD AFB, WASHINGTON

Electron Acceptor or Process Assimilative Capacity
(ag/L)W

Dissolved Oxygen 1,800
Nitrate 2,120
Iron Reduction 1,000
Sulfate 2,400
Methanogenesis 24,400
Expressed Assimilative Capacity 31,700

A closed system containing 2 liters of water can be used to help visualize the
physical meaning of assimilative capacity. Assume that the first liter contains no fuel
hydrocarbons, but it contains fuel-degrading microorganisms and has an assimilative
capacity of exactly "x' mg of fuel hydrocarbons. The second liter has no assimilative
capacity; however, it contains fuel hydrocarbons. As long as these 2 liters of water are
kept separate, the biodegradation of fuel hydrocarbons will not occur. If these 2 liters
are combined in a closed system, biodegradation will commence and continue until the

* 0 fuel hydrocarbons are depleted, the electron acceptors are depleted, or the environment
becomes acutely toxic to the fuel-degrading microorganisms. Assuming a nonlethal
environment, if less than "x" mg of fuel hydrocarbons are in the second liter, all of the
fuel hydrocarbons will eventually degrade given a sufficient time; likewise, if greater
than "x" mg of fuel hydrocarbons were in the second liter of water, only "x" mg of
fuel hydrocarbons would ultimately degrade.

S
The groundwater beneath a site is an open system, which continually receives

additional electron acceptors from the flow of the aquifer and the percolation of
precipitation. This means that the assimilative capacity is not fixed as it would be in a
closed system, and therefore cannot be compared directly to contaminant concentrations
in the groundwater. Rather, the expressed assimilative capacity of groundwater is
intended to serve as a , ualitative tool. The fate of BTEX in groundwater and the
potential impact to receptors is dependent on the relationship between the kinetics of
biodegradation and the solute transport velocity (Chapelle, 1994). This significant
expressed assimilative capacity is a strong indicator that biodegradation is occurring;
however, it is not a guarantee that biodegradation will proceed to completion before
potential downgradient receptors are impacted.

At FT-1, the groundwater appears to have sufficient assimilative capacity to degrade
the observed dissolved BTEX and limit plume migration over time. In addition, the
calculations of assimilative capacity presented in the earlier sections may be
conservative because they do not account for microbial cell mass production, and the
measured concentrations of ferrous iron and methane may not be the maximum
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achievable. There is also a potential for the influx of electron acceptors (particularly
* oxygen) through rainwater infiltration at the site. The addition of this water may

further enhance the assimilative capacity of the site groundwater.

4.5 DISCUSSION

Numerous laboratory and field studies have shown that hydrocarbon-degrading
bacteria can participate in the degradation of many of the chemical components of jet
fuel and gasoline, including the BTEX compounds (e.g., Jamison et al., 1975; Atlas,
1981, 1984, 1988; Gibson and Subramanian, 1984; Reinhard et al., 1984; Young,
1984; Bartha, 1986; Wilson et aL., 1986, 1987, and 1990; Barker et al., 1987;
Baedecker et al., 1988; Lee, 1988; Chiang et al., 1989; Grbic-Galic, 1989 and 1990;

• Cozzarelli et al., 1990; Leahy and ColewelI, 1990; Altenschmidt and Fuchs, 1991;
Alvarez and Vogel, 1991; Baedecker and Cozzarelli, 1991; Ball et al., 1991; Bauman,
1991; Borden, 1991; Brown et al., 1991; Edwards et al., 1991 and 1992; Evans et al.,
1991a and 1991b; Haag et al., 1991; Hutchins and Wilson, 1991; Hutchins et al.,
1991a and 1991b; Belier et al., 1992; Bouwer, 1992; Edwards and Grbic-Galic, 1992;
Thierrin et al., 1992; Malone et al., 1993; Davis et al., 1994). Biodegradation of fuel

* hydrocarbons can occur when an indigenous population of hydrocarbon-degrading
microorganisms is present in the aquifer and sufficient concentrations of electron
acceptors and nutrients, including fuel hydrocarbons, are available to these organisms.

Chlorinated solvents also can be transformed, directly or indirectly, by biological
* •processes (e.g., Bouwer et al., 1981; Wilson and Wilson, 1985; Miller and

Guengerich, 1982; Nelson et al., 1986; Bouwer and Wright, 1988; Little et al., 1988;
Mayer et al., 1988; Arciero et al., 1989; Cline and Delfino, 1989; Freedman and
Gossett, 1989; Folsom et al., 1990; Harker and Kim, 1990; Alvarez-Cohen and
McCarty, 1991a, 1991b; DeStefano et al., 1991; Henry, 1991; McCarty et al., 1992;
Hartmans and de Bont, 1992; McCarty and Semprini, 1994; Vogel, 1994).

• Biodegradation of CAHs, while similar in principle to biodegradation of BTEX,
typically results from a more complex series of processes.

Comparison of BTEX, CAH, electron acceptor, and biodegradation byproduct
isopleth maps for FT-1 provides strong qualitative geochemical evidence of the
biodegradation of BTEX and chlorinated solvent compounds. Site groundwater data

* for electron acceptors and degradation byproducts at FT-1 indicate that natural
attenuation of hydrocarbons in the shallow aquifer may be occurring by aerobic
oxidation, denitrification, ferric iron reduction, sulfate reduction, methanogenesis, and
reductive dehalogenation. This is evidenced by significant changes in groundwater
geochemistry in comparison to background conditions. Areas of the site which show
the greatest variation in concentrations of geochemical parameters generally correspond
well with areas of low redox potential, high BTEX concentrations, and an accumulation
of CAH daughter products. Section 5 presents calculations that demonstrate that
contaminant mass is being removed from site groundwater.

The expressed assimilative capacity of groundwater at this site is approximately
* 31,700 plg/L (Table 4.6). Furthermore, the presence of dissolved chlorinated solvents
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through the core of the plume could contribute to a still higher assimilative capacity.
Therefore, the site assimilative capacity appears to be sufficient to limit migration of
dissolved BTEX compounds and low-molecular weight chlorinated solvent compounds
(e.g., vinyl chloride). Nevertheless, the ultimate fate of BTEX and CAHs in
groundwater and the potential impact to receptors is dependent on the relationship
between the kinetics of biodegradation and the solute transport velocity rather than the
expressed assimilative capacity of site groundwater.
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SECTION 5

GROUNDWATER MODEL

5.1 GENERAL OVERVIEW AND MODEL DESCRIPTION

In order to help estimate degradation rates for dissolved benzene at the FT-I site and
to help predict the future migration of this compounds, Parsons ES numerically
modeled the fate and transport of the dissolved BTEX plume. The modeling effort had
three primary objectives: 1) to predict the future extent and concentration of the
dissolved contaminant plume by modeling the combined effects of biodegradation,
advection, dispersion, and sorption; 2) to assess the potential for exposure of S
downgradient receptors to contaminant concentrations that exceed regulatory standards
intended to be protective of human health and the environment; and 3) to provide
further technical support for the evaluation of the RNA option. The models were
developed using site-specific data and conservative assumptions about governing

* physical and chemical processes. Due to the conservative nature of the model input,
the reduction in contaminant mass resulting from natural attenuation is expected to 5
exceed model predictions. This analysis is not intended to represent a baseline
assessment of potential risks posed by site contamination.

The Bioplume II code was used to estimate the potential for dissolved BTEX
migration and degradation by natural mechanisms operating at FT-01. The Bioplume II
model incorporates advection, dispersion, sorption, and biodegradation to simulate
contaminant plume migration and degradation. The model is based upon the USGS
Method of Characteristics (MOC) two-dimensional (2-D) solute transport model of
Konikow and Bredehoeft (1978). The model was modified by researchers at Rice
University to include a biodegradation component that is activated by a superimposed
DO plume. On the basis of the work of Borden and Bedient (1986), the model assumes S
a reaction between DO and BTEX that is instantaneous relative to the advective
groundwater velocity. Bioplume II solves the USGS 2-D solute transport equation
twice, once for hydrocarbon concentrations in the aquifer and once for a DO plume.
The two plumes are combined using superposition at every particle move to simulate
the instantaneous biologically mediated reaction between hydrocarbons and oxygen.

In recent years it has become apparent that anaerobic processes such as
denitrification, iron reduction, sulfate reduction, and methanogenesis can be important
BTEX degradation mechanisms (Grbic'-Galic', 1990; Beller et al., 1992; Edwards et
al., 1992; Edwards and Grbic'-Galic', 1992; Grbic'-Galic" and Vogel, 1987; Lovley
et al., 1989; Hutchins, 1991). Because geochemical evidence supports the occurrence
of anaerobic biodegradation processes at Site FT-I (Section 4.4.2), the combined
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processes of aerobic and anaerobic biodegradation were considered in calculating
BTEX fate and transport at the site. The following subsections discuss in detail the •
input parameters, the model assumptions, the model calibration, and the simulation
results.

5.2 CONCEPTUAL MODEL DESIGN AND ASSUMPTIONS

Prior to developing a groundwater model, it is important to determine if sufficient 5
data are available to provide a reasonable estimate of aquifer conditions. In addition, it
is important to ensure that any limiting assumptions can be justified. The most
important assumption made when using the Bioplume II model is that oxygen-limited
biodegradation of fuel hydrocarbons is occurring at the site. The Bioplume II model
assumes .hat the lit-nitfing factors for BTEX biodegradation are: 1) the presence of an
indigenous hydrocarbon-degrading microbial population, and 2) sufficient background
electron acceptor concentrations. Data and information presented in Sections 3 and 4
suggest that oxygen, nitrate, ferric hydroxide, sulfate, and carbon dioxide
(methanogenesis) are being used as electron acceptors for aerobic and anaerobic
biodegradation of BTEX.

On the basis of the data presented in Section 3, the shallow aquifer is vertically
defined by medium- to coarse-grained sands overlying a basalt bedrock. Within the
basalt, a shallow basalt bedrock aquifer occupies the fractured upper portions of the
bedrock layer. The middle region of the shallow basalt flow is more competent with

* less fracturing and acts as an aquitard. The majority of dissolved BTEX contamination
preferentially migrates from the site in the sands overlying the basalt. Leakage through 5
the unconsolidated sands into the upper fractured bedrock is occurring and was
incorporated into the model. Lithologic data from soil borings suggest that the base of
the shallow unconsolidated aquifer is defined by the top fractured basalt bedrock at
approximately 20 feet bgs. Minor changes in site topography, such as the abovegrade
gravel pad, may be responsible for a slight change in groundwater flow direction across
the site. Groundwater enters the site from the west. Groundwater elevations suggest
that the shallow groundwater at the site flows to the east-southeast near the source of
the plume (near ES-GPC), then flows eastward downgradient from the gravel pad (near
MW-152) (Figure 3.5).

The shallow unconsolidated layer above the basalt bedrock was conceptualized and 5
modeled as a shallow unconfined aquifer composed of medium- to coarse-grained sand
(Figures 3.2, 3.3, and 3.4). The average saturated thickness of this layer was
estimated at 10 feet. The use of a 2-D model is appropriate at the FT-1 site because
the shallow saturated interval (acting as the dominant transport pathway) is relatively
thin and homogeneous. Because contamination previously detected in the shallow
basalt layer appears to be under similar hydrologic and geochemical conditions, similar
contaminant fate and transport conditions would be anticipated.

Dissolved BTEX is known to originate from residual soil contamination present in
the shallow soils within the bum pit. Contaminated soils at the site have not been
remediated; however, the ROD for site FT-1 specifies the installation of a bioventing
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system and two air sparging walls east of the site adjacent to the gravel pad and parallel
to the perimeter road. The remedial requirements of the ROD specify that benzene be
reduced to below a concentration of 5 p.tg/L in groundwater throughout the plume.
Given the current site use, additional fuel releases are not expected at the site in the
future; therefore, only BTEX contamination leaching from current residual fuel
contamination in site soils was considered as a continuing source for the dissolution of

4 BTEX into groundwater over time.

5.3 INITIAL MODEL SETUP

The setup for this model was based on available site data. Where site-specific data
were not available (e.g., effective porosity), reasonable assumptions for the types of
materials that make up the shallow aquifer were made on the basis of widely accepted
literature values. The following sections describe the basic model setup. Those
Bioplume II model parameters that were varied during model calibration are discussed
in Section 5.4.

5.3.1 Grid Design and Boundary Conditions

The maximum grid size for the Bioplume II model is limited to 20 columns by 30
rows. The dimension of each column and row can range from 0.1 to 999.9 feet. A
20- by 30-cell grid was used to model the Fr- 1 site. Each grid cell was 50 feet long by
50 feet wide. The grid was oriented so that the 30-cell dimension was parallel to the

* east-southeast groundwater flow direction. The grid includes the existing BTEX plume
and encompasses an area of 1.5 million square feet (approximately 34 acres). The full
extent of the model grid is indicated on Figure 5.1.

Model boundaries are mathematical statements that represent hydrogeologic
boundaries, such as areas of specified head (i.e., surface water bodies or contour lines
of constant hydraulic head) or specified flux. Hydrogeologic boundaries are
represented by three mathematical statements that describe the hydraulic head at the
model boundaries. These include:

0 Specified-head boundaries (Dirichlet condition) for which the head is determined
as a function of location and time only. Surface water bodies exhibit constant-
head conditions. Specified-head boundaries are expressed mathematically as:

Head = f(x,y,z,t)

where f is the function symbol, x, y, and z are position coordinates, and t is time.

0 Specified-flow boundaries (Neumann conditions) for which the mathematical
description of the flux across the boundary is given. The flux is defined as a
volumetric flow rate per unit area (i.e., ftl/ft2/day). No-flow boundaries are a
special type of specified-flow boundary and are set by specifying the flux to be
zero. Examples of no-flow boundaries include groundwater divides and
impermeable hydrostratigraphic units. Specified-flux boundaries are expressed
mathematically as:

5-3
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Flux = f(x,y,z,t)

Head-dependent flow boundaries (Cauchy or mixed-boundary conditions) where
the flux across the boundary is calculated from a given boundary head value.
This type of flow boundary is sometimes referred to as a mixed-boundary
condition because it is a combination of a specified-head boundary and a
specified-flow boundary. Head-dependent flow boundaries are used to model
leakage across semipermeable boundaries. Head-dependent flow boundaries are
expressed mathematically as (Bear, 1979):

Flux (Ho- H)='
B'

Where: H = Head in the zone being modeled (generally the zone
containing the contaminant plume),

Ho = Head in external zone (separated from plume by
semipermeable layer),

4S
K' = Hydraulic conductivity of semipermeable layer, and

B' = Thickness of semipermeable layer.

Natural hydraulic boundaries are modeled using a combination of the three types of
4 model boundary conditions listed above. When possible, hydrologic boundaries such 0

as surface water bodies, groundwater divides, contour lines, or hydrologic barriers
should coincide with the perimeter of the model. In areas lacking obvious hydrologic
boundaries, specified-head or specified-flux boundaries can be used at the model
perimeter if the boundaries are far enough removed from the contaminant plume that
transport calculations are not affected. Bioplume II requires the entire model domain to 0
be bounded by zero-flux cells (also known as no-flow cells), with other boundary
conditions established within the subdomain specified by the no-flow cells.

As a result of a lack of natural hydrogeologic boundaries and a shifting groundwater
flow direction, specified-head boundaries were established on the eastern and western
boundaries of the model grid. In two-dimensional models, a row of specified-head 0
boundaries at the up- and downgradient ends of the model grid are typically sufficient
to simulate the flow of groundwater for sites that are not hydrogeologically complex or
are bounded by adjacent lakes or streams. The head of the western boundary was
estimated to be from 2395.8 to 2397.7 feet above msl, and represents the level of
groundwater in this portion of the site in November 1995. The heads along the eastern
model boundary range from 2393.7 to 2393.9 feet msl.

The base or lower boundary of the model is assumed to be no-flow, and is defined
by the upper surface of the basalt bedrock layer located approximately 20 feet bgs.
The upper model boundary is defined by the simulated water table surface.

5-5
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5.3.2 Groundwater Elevation and Gradient

The November 1995 water table elevation map presented in Figure 3.5 was used to
define the heads used as initial input into the Bioplume II model. Groundwater flow in
the vicinity of FT-I is to the east-southeast wi" - gradient range over the modeled area
of approximately 0.002 ft/ft to 0.008 ft/ft. ients are lowest in the downgradient
marshy areas and highest near the burn pit.

5.3.3 BTEX Concentrations

As noted in Section 5.2, dissolved BTEX enters groundwater at FT-i through two
ongoing processes: contact between groundwater and residual LNAPL at or below the
water table in the source area, and migration of recharge (precipitation) through soil
containing residual LNAPL above the water table. The total dissolved BTEX
concentrations obtained from laboratory analytical results for each well and monitoring
point location were used for model development. At well/point clusters, the BTEX
concentration from the shallowest location was selected to represent concentrations in
the shallow aquifer. Table 4.3 presents dissolved BTEX concentration data.
Figure 4.2 shows the areal distribution of dissolved BTEX compounds in shallow S
groundwater.

Modeled BTEX dissolution was approximated using simulated " i wells within
seven model cells situated within the core area of soil contaminat- .ding the burn

* pit and the buried pipe to the oil/water separator (Figure 5.1). Tn. cstimated source
strength was selected to maintain a mass balance and approximate the observed source
area BTEX concentrations. The injection volume for the BTEX injection wells was set
at a rate low enough that the hydraulic calibration for the model was not affeczt .4.

5.3.4 Dissolved Oxygen

As discussed previously, the Bioplume II model assumes an instantaneous reactioi. 0
between the BTEX plume and the DO plume. The discussion presented in Section 4
suggests that DO, ferric iron, sulfate, and carbon dioxide (methanogenesis) are being
used as electron acceptors for biodegradation of BTEX compounds at the site. To be
conservative, the total BTEX plume at the site was modeled assuming that DO was the
only electron acceptor being utilized for the biodegradation of the BTEX compounds at 0
a rate that is instantaneous relative to the advective groundwater flow velocity. As
described in Section 5.3.5, anaerobic biodegradation, which is not instantaneous
relative to the advective groundwater velocity, was accounted for using a first-order
rate constant.

Groundwater samples collected in uncontaminated portions of the aquifer indicate 0
that background DO concentrations at the site are as high as 5.7 mg/L (observed at ES-
GP-4S). However, in the burn pit (at ES-GPC), DO was less than 1.0 mg/L. As low
DO concentrations also were observed downgradient and crossgradient from the burn
pit it was assumed that DO is consumed within the source area (Figure 4.3).
Therefore, a uniform starting DO concentration of 5.7 mg/L was used for Bioplume II
model development. Table 4.5 contains DO data for the site.
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.')The constant-head cells in the Bioplume 11 model require background DO 0

concentrations to be input as constant concentrations to simulate incoming electron
acceptors. A background DO concentration of 5.7 mg/L was used only for the
constant-head cells along the upgradient (western) model boundary to simulate a It
constant influx of uncontaminated oxygenated groundwater.

1 5.3.5 Biodegradation Rates

Available data strongly suggest that anaerobic degradation is occurring at the site,
with combined anaerobic processes accounting for over 94 percent of the BTEX
assimilative capacity of site groundwater (Table 4.6). Anaerobic degradation must
therefore be simulated with Bioplume II to make meaningful predictions. The

4 Bioplume II model simulates anaerobic biodegradation by assuming that such
degradation follows first-order kinetics. As with a large number of biological
processes, anaerobic biodegradation can generally be described using a first-order rate
constant and the equation:

C
CO

Where: C = Contaminant Concentration at Time t,

Co = Initial Contaminant Concentration,

0 k Coefficient of Anaerobic Decay (anaerobic rate constant),

t = time.

Buscheck and Alcantar (1995) derive a relationship that allows calculation of first-
order decay rate constants for steady-state plumes. This method involves coupling the
regression of contaminant concentration (plotted on a logarithmic scale) versus distance
downgradient (plotted on a linear scale) to an analytical solution for one-dimensional,
steady-state, contaminant transport that includes advection, dispersion, sorption, and
biodegradation (Bear, 1979). For a steady-state plume, the first-order decay rate is
given by (Buscheck and Alcantar, 1995):

4a . (F+oII ] ,1

Where: A = first-order decay rate,

v, = retarded contaminant velocity in the x-direction,

a, = dispersivity, and

k/vs = slope of line determined from a log-linear plot of contaminant
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concentration versus distance downgradient along flow pa'h.

The first-order decay rate includes biodegradation resulting from both aerobic and
anaerobic processes; however, in the absence of oxygen, the first-order rate is
equivalent to the anaerobic decay rate. Table 5.1 presents a first-order rate constant
calculation for BTEX using a combination of November 1995 and May 1996 data at
Site FT-I and the method proposed by Buscheck and Alcantar (1995). An easterly
groundwater flow path through sample locations ES-GPC, MW-152, and MW-227 was
used for estimating a biodegradation rate. This flow path represents a groundwater
travel path from the anaerobic plume core to the more aerobic downgradient extents.
An exponential fit to the data estimates a log-linear slope of 0.016 feetI which was in
turn used to estimate a decay constant of 0.002 day-. The calculated correlation
coefficient of 0.805 demonstrates that the use of a first-order biodegradation rate is
acceptable.

A review of recent literature indicates that higher anaerobic rate constants generally
have been calculated at other sites. For example, Chapelle (1994) reported that at two
different sites with anaerobic . roundwater conditions, the anaerobic rate constants were
both approximately 0.01 day . Wilson et al. (1994) reported first-order anaerobic
biodegradation rates of 0.05 to 1.3 week-' (0.007 to 0.185 day'); Buscheck et al.
(1993) report first-order attenuation rates in a range of 0.001 to 0.01 day-'; and
Stauffer et al. (1994) report rate constants of 0.01 and 0.018 day' for benzene and p-
xylene, respectively. The anaerobic rate constant of 0.002 day-' used in the

* Bioplume II model for this site is at the low end of the range reported in the literature. *
Therefore, this selected biodegradation rate is considered to be conservative.

5.3.6 Dispersivity

Much controversy surrounds the concepts of dispersion and dispersivity.
Longitudinal dispersivity values for saturated deposits similar to those found at the site
range from 0.1 to 200 feet (Walton, 1988). Longitudinal dispersivity was estimated as
50 feet, using approximately one-tenth (0.1) of the length of the plume from the source
area (burn pit) to the downgradient extent of the BTEX plume immediately upgradient
of well MW-227 (see Figure 4.3). Transverse dispersivity values generally are
estimated as one-tenth (0.1) of the longitudinal dispersivity values (Domenico and
Schwartz, 1990).

During plume calibration, longitudinal dispersivity was maintained at 50 feet. This
value is moderate compared to possible values given in the literature (Walton, 1988).
The use of a lower dispersivity value is a conservative estimate for modeling because
low dispersivities cause less BTEX to be lost to dilution. At the same time, the ratio of
transverse dispersivity to longitudinal dispersivity was maintained at 0.1 to reproduce
the plume width observed at the site.

5.3.7 Coefficient of Retardation

Retardation of the BTEX compounds relative to the advective velocity of the
groundwater occurs when BTEX molecules are sorbed to the aquifer matrix. The
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TABLE 5.1
FIRST-ORDER RATE CONSTANT CALCULATION

USING THE METHOD OF BUSCHECK AND ALCANTA• (1995)
SITE FT-I

REMEDIATION BY NATURAL ATTENUATION T S

FAIRCHILD AFB, WASHINGTON

Distance
Downgradient Total BTEX (pg/L)

Point from Source (ft) Nov-95

ES-GPC" 0 5220
MW- 152 280 1870

MW-227 520 1
"aDatum from May 1996 sampling event.

PLOT OF TOTAL BTEX CONCENTRATION VERSUS DISTANCE

100000o

10000-
y = I S6 8 5 e 4 D 0h l 1

*R2 =0.8045j1000-
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100 T

- 10 __

II

0.1 I I

0 100 200 300 400 500 600 S
Disuace Downp-dient (ft)

X = v/4ao([ I +2o(k/v5)]2- 1)

where v, 0.063 ft/day 5
cE= 50 ft

k/v= 0.0161 ft-I
therefore X= 0.002 day-I
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coefficients of retardation for the BTEX compounds were calculated on the basis of
measured TOC concentrations for soils collected in and near the saturated zone at the 0
site, an assumed bulk density of 1.65 grams per cubic centimeter (g/cc) (Domenico and
Schwartz, 1990), and published values of the soil sorption coefficients (K,,•) for the
BTEX compounds, as listed by Wiedemeier e: al. (1995). The results of these
calculations are summarized in Table 5.2.

TOC analyses often are influenced by the presence of soil contamination, which may

cause high soil TOC concentrations without necessarily reflecting an increase in the
sorptive potential of soil. Therefore, TOC measurements used for retardation estimates
should be taken from contaminant-free soils. Furthermore, TOC values should be
measured across the water table rather than in the vadose zone to best represent the
sorptive potential of saturated soils in the aquifer. Ten locations were chosen for TOC G
analyses at the FT-1 site (Table 4.1). Of these 10 sampling locations, 4 TOC samples
were collected at the target depth outside areas of known contamination and include:
ES-SB-1-4', ES-SB-4-4', ES-SB-5-4', and ES-MP-2S-6' (Figure 4.1). All 4 samples
were collected near or below the water table and had TOC concentrations ranging from
0.03 to 0.87 percent. Table 5.2 reflects the use of a TOC average for these 4 samples
in the calculation of site-specific retardation coefficients. A initial value of 3.19 for the 9
retardation coefficient was used for the BTEX compounds. This is intended to
correspond to benzene, which is the COC identified in the ROD, and is the least
sorptive BTEX compound. During plume calibration, the initial coefficient of
retardation was slightly decreased to achieve a more accurate plume shape. Because,

* the calibrated value (2.65) is lower than the retardation coefficient calculated from site 9 *
data, and it is a conservative estimate of BTEX retardation.

5.4 MODEL CALIBRATION

Model calibration is an important component in the development of any numerical
groundwater model. Calibration of the flow model demonstrates that the model is 0
capable of matching hydraulic conditions observed at the site; calibration of a
contaminant transport model superimposed upon the calibrated flow model helps verify
that contaminant loading and transport conditions are being appropriately simulated.
The numerical flow model presented herein was calibrated by altering transmissivity
and constant-head boundary conditions in a trial-and-error fashion until simulated heads
approximated observed field values within a prescribed accuracy. After calibration of 5
the flow model, the numerical transport model was calibrated by estimating and
adjusting the BTEX source loading and transport parameters in a trial-and-error fashion
until the simulated BTEX plume approximated observed field values. Table 5.3 lists
input parameters used for the modeling effort. Model input and output files are
included in Appendix D. 0

5.4.1 Water Table Calibration

The shallow water table at FT-1 was assumed to be influenced by continuous
recharge and discharge at the constant-head cells surrounding the model grid. The
initial water levels at the constant-head cells and the transmissivity values were varied 0
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TABLE 5.3
BIOPLUME II MODEL INPUT PARAMETERS M

SITE Fr-i
REMEDIATION BY NATURAL ATIENUATION TS

FAIRCHILD AFB, WASHINGTON
Parameter Description Calibrated Model Model Model

Model FT-I-NA F- I-BV FT-1-
Setup Sparge •

NTIM Maximum number of time steps in a pumping period 10 30 20 20
NPMP Number of Pumping Periods 7 28 11 11

NX Number of nodes in the X direction 20 20 20 20
NY Number of nodes in the Y direction 30 30 30 30

NPMAX Maximum number of Particles: NPMAX= 5173 5173 5173 5263

(NX-2)(NY-2)(NPTPND) + (Ns')(NPTPND) + S
250

NPNT Time step interval for printing data 1 1 1 1
NITP Number of iteration parameters 7 7 7 7

NUMOBS Number of observation points 0 0 0 0
fTMAX Maximum allowable number of iterations in ADIP 200 200 200 200
NREC Number of pumping or injection wells 7 7 7 16 •

NPTPND Initial number of particles per node 9 9 9 9
NCODES Number of node identification codes 1 1 1 1
NPNTMV Particle movement interval (IMOV) 0 0 0 0
NPNTVL Option for printing computed velocities 1 1 1 I

NPNTD Option to print computed dispersion equation 1 1 1 1
_ _ _coefficients ___

NPDELC Option to print computed changes in concentration 1 1 1 1
NPNCHV Option to punch velocity data 0 0 0 0
NREACT Option for biodegradation, retardation and decay 1 1 1 1

PINT Pumping period ( years) 25 75 48 48
TOL Convergence criteria in ADIP 0.001 0.001 0.001 0.001

POROS Effective porosity 0.25 0.25 0.25 0.25
BETA Characteristic length (long. dispersivity; feet) 50 50 50 50 1

S Storage Coefficient 0 0 0 (Steady- 0 (Steady-
(Steady- (Steady- State) State)
State) State)

TIMX Time increment multipfier for transient flow
TINIT Size of initial time step (seconds)
XDEL Width of finite difference cell in the x direction (feet) 50 50 50 50 1
YDEL Width of finite difference cell in the y direction (feet) 50 50 50 50

DLTRAT Ratio of transverse to longitudinal dispersivity 0.1 0.1 0.1 0.1
CELDIS Maximum cell distance per particle move 0.5 0.5 0.5 0.5

ANFCTR Ratio of Tyy to Txx (I = isotropic) 1 1 1 1
DK Distribution coefficient 0.25 0.25 0.25 0.25

RHOB Bulk density of the solid (grams/cubic centimeter) 1.65 1.65 1.65 1.65 •
THALF Half-life of the solute - - -

DECI Anaerobic decay coefficient (day-) 0.001 0.001 0.001 0.001
DEC2 Reacration coefficient (day") 0.0 0.0 0.0 0.0

F Stoichiometric Ratio of Hydrocarbons to Oxygen 3.14 3.14 3.14 3.14

Ns Number of nodes that represent fluid sources (wells or constant head cells).
SADIP = Alternating-direction implicit procedure (subroutine for solving groundwater 5

flow equation).

5-12

i:\PROJECTS\722450\FCWP\TS\i.DOC

••



FINAL

to calibrate the water table surface. The model was calibrated under steady-state
conditions.

Hydraulic conductivity is an important aquifer characteristic that determines the
ability of the water-bearing strata to transmit groundwater. Transmissivity is the
product of the hydraulic conductivity and the thickness of the aquifer. An accurate
estimate of hydraulic conductivity is important to help quantify advective groundwater 6
flow velocities and to define the flushing potential of the aquifer and the quantity of
electron-acceptor-charged groundwater that is entering the site from upgradient
locations. According to the work of Rifai et al. (1988), the Bioplume II model is
particularly sensitive to variations in hydraulic conductivity. Lower values of hydraulic
conductivity result in a slower-moving plume with a relatively small areal extent and a
higher average BTEX concentration. Higher values of hydraulic conductivity result in 6
a faster-moving plume that is spread over a larger area and contains lower average
BTEX concentrations.

Saturated thickness data from previous reports, geologic logs, and water level
measurements were used in conjunction with the hydraulic conductivity estimates to
create an initial transmissivity grid for the entire model. To better match heads in the 6
model to observed values, the transmissivities were progressively varied in blocks and
rows until the simulated water levels for cells corresponding to selected well locations
matched the observed water levels as closely as possible. Figure 5.2 shows the
calibrated water table.

Calibrated model hydraulic conductivities ranged from 7.0 x 10 -4 foot per second 0

(ft/sec) to 1.2 x 105 ft/sec (60.5 ft/day to 0.2 ft/day). Hydraulic conductivities were
varied through this wide range of values to help achieve a reasonable representation of
the observed groundwater table at the site.

A precipitation recharge rate of 2.5 inches per year was assumed to enter the aquifer
across the entire site. This is equivalent to approximately 10 percent of the annual
precipitation at Fairchild ARB. Although this rate may be low because of the lack of
vegetation on the gravel pad, it is considered to acceptable due to the leakage of
shallow groundwater into the shallow bedrock. Because Bioplume is a 2-D
groundwater model and does not have vertical aquifer leakage parameters, modeled
groundwater recharge was assumed to be equal to the difference between recharge due •
to precipitation and loss due to aquifer leakage.

Water level elevation data from cells associated with 12 groundwater monitoring
locations were used to compare measured and simulated heads for calibration. The 12
selected cell locations each contained one of the following shallow monitoring wells: •
MW-1, MW-3, MW-4, MW-49, MW-50, MW-148, MW-152, MW-153, MW-155,
MW-225, MW-226, and MW-227.

The root mean square (RMS) error is commonly used to express the average
difference between simulated and measured heads. RMS error is the average of the
squared differences between measured and simulated heads, and can be expressed as: S
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SRMS=[= -D .

Where: n = the number of points where heads are being

compared,

h. = measured head value (feet above msl), and

h,= simulated head value (feet above msl).

The RMS error between observed and calibrated values at the 126 comparison points
was 0.16 feet, which corresponds to a calibration error of 4.0 percent (water levels
dropped 4.0 feet over the length of the model grid). RMS error calculations are
summarized in Appendix C. A plot of measured versus calibrated heads shows a
random distribution of points around a straight line, as shown in Appendix C.
Deviation of pointsfrom a straight line should be randomly distributed in such a plot of
results from computer simulations (Anderson and Woessner, 1992).

In solving the groundwater flow equation, Bioplume II establishes the water table 0
surface and calculates an overall hydraulic balance that accounts for the numerical
difference between flux into and out of the system. Considering the groundwater
hydraulics at the site, the hydraulic mass balance for the calibrated model was
reasonable, with 99.94 percent of the water flux into and out of the system being
numerically accounted for (i.e., a 0.06-percent error). According to Anderson and

0 Woessner (1992), a mass balance error of around 1 percent is acceptable, while 0
Konikow (1978) indicates an error of less than 0.1 percent is ideal.

5.4.2 BTEX Plume Calibration

Model input parameters affecting the distribution and concentration of the simulated
BTEX plume were modified so that model predictions matched dissolved total BTEX
concentrations observed in November 1995. The groundwater sample collected from
ES-GPC within the bum pit in May 1996 was assumed to be comparable to November
1995 concentrations. BTEX plume calibration model runs were made using the
calibrated steady-state hydraulic parameters coupled with the introduction of
contaminants. Because the exact time and frequency of the waste fuel releases at the 0
site are unknown, the model was calibrated to match November 1995 conditions,
assuming the groundwater was first impacted 25 years ago, with fire training exercises
continuing at regular intervals until about 5 years ago. Seven leaching periods were
used in the calibration to simulate different source areas and rates prior to 1995.

Estimated BTEX source concentrations (Section 5.3.3) were applied to seven of the 9
simulated injection wells of the model grid to reproduce the configuration and
concentrations of the groundwater BTEX plume (Figure 5.1). While the term
"injection well" suggests contaminants are being introduced at a point, Bioplume II
assumes that contamination introduced at a well instantly equilibrates throughout the
entire cell in which the well is located. The injection rate for the cells was 1.2 x ITS 0
cubic foot per second (ft3/sec) and is low enough that the flow calibration and water
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balance were not affected. Loading rates and periods were varied cell by cell as needed
to reproduce the shape of the observed groundwater plume. In this manner, the
potential source strength of the residual contamination was maintained while
simultaneously obtaining the configuration of the observed BTEX plume (Figure 4.3).

Seven leaching periods were used to model the configuration of the BTEX plume
beneath the former fire training area. For the first 10 years (1971-1980), moderate
amounts of BTEX were injected at 6 injection wells. This represents the assumed start
of fire training activities and the buildup of a residual fuel source. For model years I 1
to 20 (1981-1990), both the BTEX injection rates and the number of injection wells
were increased. These increases were justified because the volume of fuel stored in the
soil and the extent of the impacted area are expected to have increased with the
continued fire training activities and use of the oil/water separator east of the burn pit.
In 1991, fire training exercises ceased, and the use of the oil/water separator
discontinued. From 1991 to 1993, the BTEX loading rates at the seven injection cells
were decreased at 5 percent per year to account for natural decay processes (e.g.,
volatilization, dissolution, or biodegradation) occurring at the inactive fire training
area. The final 2 years of the model calibration (1994-1995) consisted of 50-percent
annual source decay at all injection wells due to the bioventing pilot study conducted in
the burn pit. Soil samples collected before the bioventing had BTEX concentrations
ranging from 600 to 1900 pg/kg. At the conclusion of the bioventing pilot test, six
confirmatory soil samples collected in approximately the same location did not have
any BTEX compounds detected (Parsons ES, 1996). The calibrated dissolved BTEX

* plume is shown in Figure 5.3. The final calibrated model plume (year 25) was
assumed to represent present-day (1996) conditions and compares favorably to the
observed BTEX plume (Figure 5.1).

The objective of the calibration was to achieve a modeled plume that equaled or
exceeded the observed plume in terms of extent and concentration, and that effectively
simulated the flow of BTEX contaminants from the source areas to the observed
downgradient locations. The calibrated model successfully meets these objectives, as it
reproduces both the observed areal extent and contaminant concentrations. The
calibrated plume accurately predicts a flow of contamination from the source area
toward the east. In the vicinity of ES-GPC, simulated BTEX concentrations are within
7 percent of the observed concentrations. However, because the model simulates the
injection concentration over the entire cell, the calibrated contours extend further
upgradient from the burn pit than indicated by site data. The 1,000-jAg/L contour
approximated from observed site conditions stretches from the center of the burn pit
and ends near monitoring wells MW-3 and MW-152. The downgradient extent of the
modeled 5-pg/L contour correlates with the observed conditions.

The fact that the model concentrations in the source area are slightly higher than
observed concentrations means that additional BTEX mass is accounted for in the
model simulations and that model predictions are conservative. Variations in shape
between the model and the observed plume likely are due to subsurface heterogeneities
in the hydraulic conductivity, anaerobic decay, dispersivity, and retardation that are
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"extremely difficult to identify in the field and to replicate in a discretized 2-D model

domain.

5.5 SENSITIVITY ANALYSIS

The purpose of the sensitivity analysis is to determine the effect of varying model
input parameters on model output. According to the work of Rifai et al. (1988), the
Bioplume II model is most sensitive to changes in the coefficient of aerobic decay
(reaeration coefficient), the coefficient of anaerobic decay, and the hydraulic
conductivity of the media, and is less sensitive to changes in the retardation factor,
porosity, and dispersivity. To fully evaluate the sensitivity of the calibrated model, the
transmissivity, the coefficient of anaerobic decay, the coefficient of retardation,
dispersivity, and porosity were all varied. The reaeration coefficient was not used in
this model.

To perform the sensitivity analyses, the aforementioned parameters were
individually and systematically varied; the model was rerun, and the results were
compared to the original calibrated model. Each sensitivity model was run for a 25-
year period (the same duration used in the original calibrated model) to assess the
independent effect of each variable. A total of 10 sensitivity runs of the calibrated
model were performed, with the following variations:

1) Transmissivity uniformly increased by a factor of 5;

2) Transmissivity uniformly decreased by a factor of 5; 0

3) Coefficient of anaerobic decay increased by a factor of 2;

4) Coefficient of anaerobic decay decreased by a factor of 2;

5) Coefficient of retardation increased by 20 percent;

6) Coefficient of retardation decreased by 20 percent;

7) Dispersivity increased by 50 percent;

8) Dispersivity decreased by 50 percent;

9) Porosity increased by 25 percent; and

10) Porosity decreased by 25 percent.

The results of the sensitivity analyses are shown graphically in Figures 5.4 through
5.8. These figures display simulated BTEX concentrations versus distance
downgradient from the source area. This manner of displaying data is useful because
changes in BTEX concentrations can be easily visualized.
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The effects of varying transmissivity are shown on Figure 5.4. Uniformly
increasing the transmissivity by a factor of five increased groundwater velocity, and
therefore decreased the residence time of groundwater in the aquifer. As a result,
BTEX concentrations decreased throughout the plume because of increased dilution of k
the BTEX compounds. However. the plume is also much longer. BTEX
concentrations at the head of the plume degraded faster because of the influx of
electron acceptors from upgradient sources, but the downgradient portion of the plume
migrates further and faster, due to the increased velocity. Under this scenario for
transmissivity, the maximum observed BTEX concentration in the source area was
2,210 ptg/L, compared to the calibrated 5,660 gag/L. In contrast, decreasing the
transmissivity by a factor of five slowed overall plume migration, which increased the
maximum BTEX concentrations because of decreased dilution and spreading. The
BTEX concentration in the source arta increased to approximately 7,385 ýig/L, and the
BTEX contamination did not extend downgradient from source area. The sensitivity of
the model to hydraulic conductivity suggests that appropriate transmissiity values were
used in the model calibration.

The effects of varying the coefficient of anaerobic decay are illustrated by Figure
5.5. As expected, increasing this parameter by a factor of two results in a smaller
plume with a maximum BTEX concentration of only 3,100 lig/L. In addition, the
BTEX plume is approximately 100 feet shorter. Conversely, decreasing the coefficient
of anaerobic decay by a factor of two decreases the biodegradation rate and increases
plume concentrations. The resultant increase raised computed maximum BTEX

* concentrations in the source area from 5,660 tg/L to 8,510 jig/L. These results show p *
that the calibrated model is sensitive to variations in the coefficient of anaerobic decay
and suggest that the coefficient of anaerobic decay calculated by the method of
Buscheck and Alcantar (1995) is a reasonable value for the calibrated model.

The effects of varying the coefficient of retardation (R) are shown on Figure 5.6.
Increasing R by 20 percent has a minor effect on the contaminant distribution. An
increase in sorptive capacity caused a slight increase of approximately 170 Ag/L in the
source area, producing a maximum BTEX concentration at 5,830 4ig/L. The slight
increase in the maximum plume concentration :esulted from a slowing of BTEX
migration, which allowed for greater BTEX accumulation in the source area. A slight
decrease in downgradient concentrations resulted from an increased contact period of
the sorbed BTEX with electron flushing into the system. Decreasing R by 20 percent
decreases the potential for contact of sorbed BTEX with replenished electron acceptors,
thus allowing less biodegradation. As a result, the maximum BTEX concentration in
the source area increased to 6,220 j.ig/L, without a noticeable change in the
downgradient BTEX extent. Because the retardation factor used for the model is lower
relative to the calculated value (Table 5.3), the R used for the calibrated simulation
results in a more conservative prediction of the source area concentration.

The effects of varying dispersivity are illustrated by Figure 5.7. Both longitudinal
and transverse dispersivity were varied for this analysis, as the ratio of the two values
was kept constant at 0.1. Increasing the dispersivity by 50 percent resulted in a very
minor decrease in the maximum BTEX concentrations (by approximately 600 gg/L)
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without a noticeable change in downgradient extent. Decreasing the dispersivity by 50
percent produced a plume with slightly higher BTEX concentrations (by approximately
800 jag/L) without a noticeable change in downgradient extent. This model appears to
be insensitive to dispersivity within the range of values evaluated for this analysis.

The effects of varying effective porosity are illustrated by Figure 5.8. Walton
(1988) gives a range of 0.15 to 0.35 for the effective porosity of a medium to coarse
sand. A comparison of the model using effective porosities that were increased and
decreased by 25 percent (to 0.31 and 0.19, respectively) around the calibrated value of
0.25 shows a maximum BTEX concentration difference of approximately 600 lag/L at
the source and does not change the plume extent. Therefore, the model is relatively
insensitive to the range of reasonable effective porosity values.

The results of the sensitivity analyses suggest that the calibrated model parameters
used for this report are appropriate. The calibrated model is very sensitive to the
transmissivity and the coefficient of anaerobic decay, and is relatively insensitive to the
retardation coefficient, dispersivity, and effective porosity. Increasing the
transmissivity and the coefficient of anaerobic decay greatly diminishes the predicted
maximum BTEX concentrations, although only the coefficient of anaerobic decay
results in an actual destruction of (or decrease in) the mass of BTEX. Lowering the
transmissivity or the coefficient of anaerobic decay has a reverse effect, and maximum
concentrations of BTEX in the aquifer are greatly increased. The model appears
relatively insensitive to the retardation factor and dispersivity; however, variation of

* values for these parameters contributed toward an appropriate plume configuration.

5.6 MODEL RESULTS

To predict fate and transport of dissolved BTEX compounds at the FT-01 site, three
Bioplume II simulations (FT-1-NA, FT-1-BV, and FT-1-Sparge) were run under
different sets of conditions. The first simulation (FT-1-NA) assumed the physical
weathering processes that currently operate to reduce residual BTEX in source area
soils at the site will continue into the future. The second simulation (FT-1-BV)
assumed that through the implementation of a soil bioventing system, the soil source is
reduced and results in an annual 50-percent decrease in BTEX entering the groundwater
per year. The third simulation (FT-1-Sparge) assumed the ROD requirements for
additional bioventing in the source area and an air sparging curtain operating until
dissolved benzene is reduced to level specified in the ROD (i.e., 5 pag/L). All three
models assume that current contamination sources at the site will not increase because
the fire training activities at the site ceased more than 5 years ago. Input and output
files for each simulation are presented in Appendix D. Model results are described in
the following sections.

Each model is evaluated with respect to maximum total BTEX concentrations and
the extent of the 5-jig/L total BTEX isopleth. The 5-.ig/L isopleth was selected on the
basis of the ROD mandated maximum contaminant level (MCL) for benzene (5 gag/L).
Because of Bioplume II limitations, the model simulations assume the total BTEX
concentration is entirely benzene. Site data indicate that benzene is a relatively minor
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constituent in the dissolved BTEX fraction at Site FT-I (Table 4.3). Therefore, the
selection of the 5-gag/L isopleth likely overestimates the actual future benzene 6
concentrations because current benzene concentrations are less than 17 percent of the
total dissolved BTEX mass at the site.

5.6.1 Natural Source Weathering (Model FT-I-NA)

Model FT-1-NA was used to simulate the migration and biodegradation of the
BTEX plume assuming that only natural physical weathering decreased BTEX loading
in the source area. Physical weathering included dissolution of BTEX from residual
contamination in saturated soils into groundwater and from BTEX dissolution into
infiltrating precipitation that contacts residual contamination in the vadose zone. This
model also assumes that the contaminant source is reduced slightly by volatilization of
BTEX in the vadose zone or for chemical or biological degradation of residual product
remaining in site soils.

In order to simulate the anticipated decrease in the source size and composition,
model FT-l-NA utilizes 28 pumping periods. The first 7 pumping periods are a
duplicate of the calibrated model conditions. Each of the following 20 pumping
periods has a duration of 1 year and assumes a BTEX injection rate that is
approximately 5 percent lower than the previous period as a result of weathering. The
source reduction rate of 5 percent per year provided the best match to calibrated
conditions in the calibrated model, and is a conservative value for natural source

• ~weathering. The final pumping period assumes the source has been removed through
weathering, and simulates the long-term fate of the groundwater plume for an
additional 20 years.

This model predicts decreasing maximum plume concentrations, with the plume
reaching a maximum downgradient extent in approximately 10 years. Figure 5.9
shows the modeled plume for 2006 (10 years of simulated weathering), 2016 (20 years
of simulated weathering), and 2030 (34 years of simulated weathering). After 10
years, the modeled downgradient extent of the 5-pg/L BTEX isopleth has migrated a
maximum of 100 feet further downgradient; however, the 100-lig/L contour has
remained unchanged. At the modeled maximum downgradient extent, the BTEX
plume does not leave the site or impact any potential receptor exposure points. Within
the source area, the extent of the 1,000-mg/L contour has retreated approximately 200
feet toward the source area, and the maximum BTEX concentration decreases by 74
percent, from approximately 5,660 g.tg/L to 1,350 gig/L. (Figure 5.9). After 20 years
of weathering (year 2016), the 5-gig/L isopleth has receded to approximately 100 feet
downgradient from the calibrated position and total BTEX concentrations have
decreased to a maximum of 798 gig/L or 14 percent of the calibrated maximum
concentration. After 34 years of natural weathering, the model suggests that the
groundwater plume will have almost completely attenuated, with a maximum BTEX
concentration of 7 ILg/L (Figure 5.9). Further model simulation suggests that after 34
years, the plume is completely degraded to below 5 pg/L.
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* These results suggest that the maximum observed BTEX concentrations will steadily

decrease over the next 34 years without any further engineered removal (i.e., assuming
only physical weathering is taking place in source soils). Furthermore, the results
suggest that the downgradient extent of the plume may increase by approximately 100
feet over the next 10 years, but that the maximum plume concentrations will be steadily
decreasing. Therefore, physical source weathering should be sufficient to reduce the

* dissolved BTEX concentrations and limit any future downgradient migration of the
plume to the no name ditch.

5.6.2 Engineered Source Reduction (Model FU-1-BV)

To illustrate the impact of engineered source reduction activities upon dissolved
BTEX migration, model FT-i-BV incorporates decreasing BTEX loading rates, under
the assumption that an expanded bioventing system will be used to remediate the source
areas. Bioventing is an in situ bioremediation process where low-flow air injection is
used to enhance the biodegradation of organic contaminants in the subsurface vadose
zone soil by supplying oxygen to indigenous microbes. Bioventing was simulated in

* model FT-I-BV through an annual 50-percent reduction in BTEX loading rates over a
3-year period.

The FT-l-BV model assumptions are conservative when compared to anticipated
BTEX mass removal from soil bioventing. Implementation of bioventing soil
remediation has been accompanied by reductions in soil BTEX concentrations

* 0 averaging over 90 percent per year at a group of 16 other sites (AFCEE, 1994). S
Furthermore, soil sampling results collected during the FT-I bioventing pilot study
(Parsons ES, 1996) indicate that source reduction was greater than 50 percent.
Therefore, assuming a 50-percent reduction in BTEX mass may underestimate the
actual impact of a bioventing system on BTEX loading to site groundwater, and

* effectively lengthen the predicted remediation time.

Model FT-i-BV was run with 11 pumping periods. The first 7 periods are a
duplicate of the calibrated model. The next 3 pumping periods each last one year and
include BTEX loading rates that decrease geometrically at 50 percent per year. After
these 3 periods less than 0.1 percent of the original source remains. The final pumping

* period is continued for an additional 20 years to simulate the long-term fate and
transport of the plume. While it is difficult to quantify the actual decrease in the BTEX
loading rates that will be brought about by bioventing, a model based on these
assumptions can provide a useful indication of the potential effects of source reduction.

This model predicts a rapid decrease in source area BTEX concentrations followed
* by a slower decrease in the areal extent of the plume. Figure 5.10 presents model 5

results for the years 1999 (3 years after implementation of bioventing), 2006 (10 years
after implementation of bioventing), and 2019 (33 years after implementation of
bioventing). Three years after implementation of bioventing, the dissolved plume (as
defined by the 5-ptg/L isocontour) has not migrated beyond the calibrated plume extent.
The maximum source-area BTEX concentration has decreased 57 percent, from
approximately 5,660 4±g/L to 2,440 gtg/L. The model predicts that the downgradient
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plume extent will remain at the calibrated plume extent. The maximum predicted
BTEX concentration in year 2006 is less than 94 percent of that in the calibrated S
model. After 23 years of active and passive remediation, the plume has detached from
the source area, and the maximum simulated BTEX concentration (5.6 Ag/L) lies
downgradient from the source area. The model predicts that the maximum BTEX
concentration will be less than 5 ýtg/L 23 years after the re-initiation of bioventing.

5.6.3 Air Sparging and Bioventing (Model FT-1-Sparge)

Model FT-1-Sparge was run to illustrate the scenario of bioventing and air sparging
specified in the ROD for the FT-i site. Air sparging is the least conservative of the
three scenarios modeled for this site. The bioventing scenario from the previous model
was used for the BTEX loading at the 7 cells representing the source area. In order to S
simulate an air sparging curtain, injection wells were added to 9 model cells
immediately downgradient from the gravel pad (Figure 5.1). The injection wells were
assumed to increase the DO concentration in the cells to approximately 6.0 mg/L. As
in the two previous models, the first seven pumping periods are a copy of the calibrated
model. The next three 1-year pumping periods simulate the start of the air sparging
system, and the BTEX source loading is reduced in the source area through bioventing.
The remaining pumping period continues to simulate the long-term fate and transport of
the plume with only the air sparging wells operating until BTEX contamination has
been reduced below 5 pag/L.

4 This model predicts a slightly faster decrease in maximum groundwater BTEX
concentrations in the source area over a 10-year period. Figure 5.11 presents model
predictions for 3, 10, and 19 years of remediation. Simulated maximum BTEX
concentrations for this model decrease approximately 62 percent in the first 3 years,
from 5,660 gag/L to 2,165 pag/L. The 10-year simulation (year 2006) predicts source-
area BTEX concentrations will decrease by over 96 percent to a maximum predicted
BTEX concentration of 240 g.g/L. At this time, the model predicts the plume to be
slightly narrower in the area of the air sparging wells, expanding to the calibrated width
at the downgradient extent. In addition, the downgradient plume extent has advanced
approximately 50 feet. At year 19 (2015) the model suggests that the plume will be
detached from the source area, with a maximum BTEX concentration of 8.4 jtg/L.
After year 19, total BTEX levels are below 5 Vag/L.

5.7 CONCLUSIONS AND DISCUSSION

Three model scenarios were used to predict BTEX attenuation and migration rates at
the FT-01 site. The first scenario, model FT-I-NA, assumed natural physical
weathering of the residual soil source contamination. The second scenario, model FT-
1-BV, assumed that as a result of the operation of a bioventing system, the source of
dissolved BTEX would be completely eliminated in 3 years. Model FT-l-Sparge
assumes removal of the BTEX source in soils through bioventing and installation of an
air sparging system to treat dissolved BTEX downgradient from the source area. The
results of all three Bioplume II model scenarios suggest that dissolved BTEX will not
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migrate more than 100 feet beyond the current plume front (i.e., will not reach the
ditch along perime'er road). 5

Model FT-i-NA results sulggest that the BTEX plume will be completely degraded A-
by natural weathering prccesses after approximately 34 years. Using bioventing and a
combination of bioventing ai. air sparging, models FT-I-BV and FT-I-Sparge predict
thai complete remediation of the dissolved BTEX plume will require approximately 23
and 19 years, respectively. All three models predict that the leading edge of the plume
will advance no more than 100 feet as remediation by natural attenuation of dissolved
groundwater BTEX concentrations proceeds.

In all model simulations, several conservative assumptions are built into the model.
The use of these conservative model assumptions suggests that natural attenuation of
BTEX contamination at 1"he site may exceed model predictions. These conservative
model assumptions include:

1) Aerobic respiration, iron reduction, sulfate reduction, and methanogenesis
all are occurring at this site; however, only the anaerobic processes are
effectively simulated in the models. Aerobic processes are effectively •
simulated within the core of the plume where they potentially account for
less than 6 percent of degradation. At the leading edge of the plume,
however, the aerobic contribution is more significant and is very likely
underestimated by a first order biodegradation rate. In addition, aerobic

* biodegradation may potentially become more important within the core of
the plume as residual BTEX source concentrations are removed, thereby
allowing more oxygenated rainwater to percolate through vadose zone soils.

2) The stoichiometry used to determine the ratio between electron acceptors
and total BTEX assumed that no microbial cell mass was produced during
the reactions. As discussed in Section 4.3.2, this approach may be too 0
conservative by a factor of three.

3) Dissolved oxygen was only introduced with groundwater recharge at the
upgradient model boundary; however, groundwater recharge occurs across
the entire site as a result of precipitation.

I
4) A low coefficient of retardation for benzene (2.50) was used for all the

BTEX compounds in the model simulations. Minimum retardation
coefficient values for the other BTEX compounds range from 6.27 to 14.0.
The use of a conservative retardation coefficient tends to increase the
velocity of contaminant migration, but may provide a more accurate
estimate of benzene transport. However, realistic retardation coefficients
for toluene, ethylbenzene, and xylenes are higher than that for benzene,
which will slow the actual migration of these compounds, thereby increasing
their susceptibility to biodegradation.

5) The decay constant of 0.001 day1 is conservative when compared to
literature values of 0.001 day- to 0.19 day- (see Section 5.3.5.3). The use
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of a low decay constant increases the travel distance of the contaminant
plume, as well as the time required for natural attenuation.

6) Calibrated source concentrations in the models were higher than observed
concentrations. This introduction of extra contaminant mass likely results in
the predictions being conservative because additional BTEX mass must be
biodegraded to produce the observed results.

The three model simulations were run in order to account for uncertainties
associated with the assumptions of future site conditions. The patterns of degradation
of the plumes shown in models FT-i-NA, FT-1-BV, and FT-1-Sparge are feasible,
given the observed BTEX concentrations, the conservative assumptions made in
constructing the simulations, and the strong evidence of biodegradation. Model FT-1-
NA is a "worst-case" scenario in that it assumes BTEX dissolution into the aquifer will
continue while the source is being naturally weathered. Without engineered source
reduction, BTEX contamination in that model remains for 34 years. Models FT-i-BV
and FT-1-Sparge are more optimistic predictions which assume active source reduction
will rapidly reduce the BTEX in site soils and therefore reduce any further dissolution
into the groundwater. This results in more rapid attenuation of the dissolved BTEX
plume.

I
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SECTION 6

REMEDIATION ALTERNATIVE AND GROUNDWATER
COMPLIANCE MONITORING

The ROD for Site FT-I (HNUS, 1993a) specifies maintaining institutional controls,
implementing bioventing and air sparging to remediate soils and restore groundwater to
drinking water quality, and monitoring off-site groundwater supply wells in the vicinity
of the site. Institutional controls currently established under the authority of the Base
commander restrict access to and use of groundwater throughout the Base (HNUS,
1993a). An in situ soil bioventing system will be installed within the FT-i source area
and operated until the soil cleanup level of 0.5 mg/kg for benzene is achieved. The air
sparging system will be placed within the dissolved BTEX plume near the eastern edge
of the gravel pad plume and operated until dissolved benzene concentrations are less
than 5 gg/L throughout the plume [i.e., the points of compliance (POCs) for the
groundwater plume include all points throughout the plume (HNUS, 1993a)]. A

* groundwater monitoring strategy demonstrate compliance will be developed during the
remedial design phase. The final ROD requirement specifies that offsite groundwater
supply wells must be monitored to prevent the consumption by area residents of
groundwater containing site-related contaminants at concentrations exceeding drinking
water quality standards (HNUS, 1993a).

The intent of this TS is to evaluate how natural attenuation of the groundwater COC,
benzene, complements the ROD-specified remediation systems to achieve the numerical
cleanup goal for groundwater mandated in the ROD for FT-1. In addition to benzene,
this TS evaluates RNA of the other BTEX compounds and the CAHs detected in site
groundwater. The ability of natural attenuation processes to remediate these

contaminants dissolved in groundwater at FT-I is demonstrated in Section 4. In
Section 5, predictions made using conservative models suggest that these processes,
acting either alone or in conjunction with ROD-specified technologies, can reduce
organic contaminant concentrations and limit plume migration. Therefore, natural
attenuation will factor into site groundwater remediation. The remainder of this section
is devoted to outlining the site remedial objectives and evaluating the effectiveness of
the ROD-specified remediation alternative through long-term groundwater compliance
monitoring.

6.1 GROUNDWATER REMEDIAL OBJECTIVES

The short-term remediation objective for shallow groundwater within and
4 downgradient from FT-I is limiting plume expansion to prevent exposure of

downgradient receptors to concentrations of benzene in groundwater at levels that
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exceed 5 gg/L, as specified in the ROD. Results of the conservative numerical models
suggest that BTEX concentrations in excess of 5 itg/L are not likely to migrate more
than 600 feet downgradient from the source area (Figures 5.9 through 5. 11). Because,
the models assume the BTEX concentration consists entirely of benzene, the
downgradient plume extent for benzene may be overestimated.

Available data suggest that receptor exposure pathways involving shallow
groundwater are not complete under current conditions; however, a pathway could be
completed in the future if shallow groundwater within approximately 750 feet
downgradient from the burn pit is used as a potable water supply. However, because
of institutional controls invoked by the ROD on groundwater use within the
remediation zone, the completion of potential future exposure pathways is not likely.
The institutional controls must remain in effect until it can be demonstrated that the 3
potential for receptor exposure to dissolved benzene at concentrations greater than 5
g.tg/L no longer exists.

The long-term remedial objective for shallow groundwater at the POC (i.e.,
throughout the plume) is attainment of the ROD cleanup goal for dissolved benzene (5
gg/L) throughout the plume. Although it is unlikely that groundwater from the plume
would be ingested by humans, this level of long-term protection has been deemed
appropriate. To attain the benzene cleanup goal, an air sparging curtain will be
installed in the anaerobic zone of the BTEX plume.

6.2 LONG-TERM GROUNDWATER COMPLIANCE MONITORING

The strategy described in this section is designed to monitor benzene plume
migration over time and to demonstrate the effectiveness of selected remedial
alternative at complying with site groundwater remediation objective specified in the
ROD. Although not specified in the rod, it is recommended that chlorinated solvent
compounds be included in the long-term groundwater compliance monitoring program 1
because dissolved concentrations of TCE, DCE, and vinyl chloride currently exceed
regulatory criteria. Ten LTM locations have been selected for the proposed compliance
monitoring program (Figure 6.1). Existing monitoring wells can be incorporated into
the proposed long-term compliance monitoring program at six of the locations; new
wells will be required at the remaining four locations.

Five of the proposed long-term compliance monitoring wells are along the axis of
the plume. Proposed well LTM-1, located approximately 200 feet east-northeast from
the burn pit, will be used to monitor the quality of groundwater upgradient from the
source area and remediation zone. Proposed well LTM-2 will be installed within the
burn pit in order to monitor source area benzene concentrations and groundwater
geochemistry. Proposed well LTM-3 will be installed approximately 200 feet east-
southeast from the burn pit, along the edge of the gravel pad, to monitor contaminant
concentrations and groundwater geochemistry in the vicinity of the proposed air
sparging curtain. Existing well MW-152 is proposed for monitoring the groundwater
plume within the current anaerobic treatment zone. This location will also serve to
monitor the region of the plume downgradient from the proposed air sparging curtain. S
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Existing well MW-227 is proposed to monitor groundwater conditions near the leading
4 edge of the plume in the aerobic treatment zone.

Two additional wells are proposed for monitoring the lateral extent of plume
migration through the anaerobic treatment zone. These wells include existing well
MW-155 and proposed well LTM-4, located approximately 200 feet south and 150
north of well MW-152, respectively. Existing well MW-155 is known to be near the
southern lateral extent of the plume because a benzene concentration of 1.5 Pg/L (total
BTEX of 12 pg/L) was detected in a sample collected from this location in April, 1995
(ES&T and MWA, 1995).

The final three wells in the proposed monitoring network include existing wells
4 MW-225, MW-226, and MW-50. These three wells are located approximately 100

feet west of the Base boundary, and will be used to monitor groundwater conditions
beyond the projected plume extent. Given an estimated advective groundwater velocity
of 72 ft/yr (Section 3.3.4), the travel time from these wells to the Base boundary is
approximately 1.4 years. The nearest residential wells are over 1,000 feet east of the
Base boundary. The purpose of these three wells is to verify that benzene

4 concentrations exceeding the ROD criterion do not migrate beyond the area under S
institutional control. Although available evidence strongly suggests that the
contaminant plume will not migrate beyond this area at concentrations exceeding the
ROD-specified level, these wells are the technical mechanisms used to demonstrate
protection of human health and the environment and compliance with regulatory

* criteria. If regulatory or ROD-specified criteria are exceeded in groundwater samples
collected at these downgradient wells, activation of a proposed air sparging curtain at
the Base boundary will be considered.

Existing and proposed wells for the proposed long-term groundwater compliance
monitoring program will be screened in the same hydrogeologic unit as the contaminant

4 plume. Specifically, they will be scre,,ned in the shallow unconsolidated deposits of p
the surficial aquifer across the water table. Data presented in this report concerning the
nature and extent of contamination at the site suggest that a 10-foot screen with
approximately 8 feet of screen below the groundwater surface will be sufficient to
intercept the benzene plume at this site.

4 6.3 GROUNDWATER SAMPLING

To ensure that sufficient contaminant removal is occurring at Site FT-1 to meet site-
specific compliance goals, groundwater samples will be collected annually from LTM
wells to verify that naturally occurring processes are effectively reducing the mass and

4 mobility of BTEX and chlorinated solvent contamination. The sampling and analysis
plan also is aimed at confirming that the ROD-specified remediation alternative
together with natural attenuation can achieve the site-specific remediation concentration
goals. Reductions in toxicity will be implied by mass reduction and by achieving
regulatory standards.
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"This plan proposes annual groundwater compliance sampling at each of the 10 wells
in the LTM monitoring network. Annual sampling is considered appropriate for the
following reasons:

"* Groundwater flow velocity is estimated at only 72 ft/yr;

o The model predicts that the downgradient contaminant extent will not migrate
more than 100 feet downgradient of the observed leading edge of the BTEX
plume throughout the remediation period; and

"* The time to achieve ROD compliance is conservatively estimated at
approximately 19 years.

4 After 10 years, the long-term compliance monitoring program should be reevaluated
to determine whether sampling frequency should be maintained, increased, decreased,
or discontinued. If the data collected at any time during the monitoring period indicate
rapid expansion of the plume or a trend toward increasing contaminant concentrations
in the source area, the sampling frequency should be adjusted accordingly, the
effectiveness of the selected remedial alternative should be reevaluated, and the need
for additional remedial activities at the site should be considered.

All wells in the long-term compliance monitoring program will be sampled and
analyzed to determine compliance with chemical-specific compliance goals and to

4 verify xie effectiveness of the remediation system at the site. At the beginning of each
annual sampling event, water levels will be measured at all site monitoring wells.
Groundwater samples from the plume-extent and base-boundary wells will be analyzed
for the parameters listed in Tables 6.1 and 6.2, respectively. A site-specific
groundwater sampling and analysis plan should be prepared prior to initiating this LTM
program.
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SECTION 7

CONCLUSIONS AND RECOMMENDATIONS

This report presents the results of a TS conducted to evaluate RNA of fuel-
hydrocarbon- and CAH-contaminated groundwater in the vicinity of site FT-1 at
Fairchild AFB, Washington. It is anticipated that RNA will supplement the engineered
remedial actions prescribed in the ROD for the site (HNUS, 1993a). Site-specific
geologic, hydrologic, and laboratory analytical data were used to evaluate the
occurrence and rates of natural attenuation of BTEX compounds dissolved in
groundwater. To perform the RNA demonstration, Parsons ES researchers collected
and analyzed groundwater samples from the site and utilized data collected during S
previous site characterization events.

Two lines of evidence were used to document the occurrence of natural attenuation
at Fr-I: the documented loss of contaminant mass at the field scale and geochemical
evidence. A review of groundwater sampling data obtained from 1989 through 1995

S indicates that the dissolved BTEX concentrations have generally decreased -
downgradient from the source area and the plume has stabilized. Furthermore, rates of
biodegradation were estimated from flow path analyses using the methods of Buscheck
and Alcantar (1995). Comparison of BTEX, CAH, electron acceptor, and
biodegradation byproduct isopleth maps for Fr-I (Section 4) provides strong qualitative
geochemical evidence of biodegradation of BTEX and CAHs. Geochemical data 0
strongly suggest that biodegradation of fuel hydrocarbons is occurring at the site via
aerobic respiration and the anaerobic processes of denitrification, iron reduction, sulfate
reduction, and methanogenesis. In addition, the ratio of TCE and cis-1,2-DCE to the
daughter product VC suggests that chlorinated solvents in the groundwater are being
degraded through reductive dehalogenation.

Site-specific geologic, hydrologic, and laboratory analytical data were used in three
conservative numerical groundwater models to simulate the effects of dispersion and
biodegradation on the fate and transport of the dissolved BTEX plume. Historical and
current site-specific data were used for model development and calibration. Model
parameters that could not be obtained from existing site data were estimated using
widely accepted literature values for soils similar to those found at the site.
Conservative aquifer and contaminant geochemical parameters were used to construct
the models for this study, and therefore, the model results presented herein represent
worst-case scenarios given the other modeling assumptions regarding source removal.

One of the numerical models, FT-l-sparge, which simulated the ROD-specified
remedial actions of bioventing and air sparging, suggested contraction of the BTEX
plume coupled with a decrease in dissolved contaminant concentrations over the next 19
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years. In contrast, the model that simulated only bioventing with natural attenuation
(FT-I-BV) predicted a remediation period of 24 years to achieve ROD and regulatory
compliance. The models assumed the same source decay rates to model the long-term
effects of bioventing. Implementation of bioventing soil remediation systems have
been accompanied by source decay rates averaging over 90 percent per year in vadose
zone soils at other Air Force sites. Both models suggested a significant decrease in
dissolved BTEX concentrations and a rapid retreat of the BTEX plume when source
decay rates were conservatively modeled at 50 percent per year. The remaining model
(FT-1-NA) simulated the long-term effects of natural attenuation only on the dissolved
BTEX plume. The natural attenuation model suggested that 34 years would be required
to remediate the site assuming no engineered remedial actions are implemented at the
site.

The results of this study suggest that RNA of BTEX and chlorinated solvent
compounds is occurring at FT-I. Benzene was detected at only three locations, all
within 250 feet of the burn pit. The estimated rates of biodegradation, when coupled
with the effects of sorption, dispersion, and dilution, should be sufficient to reduce and
maintain dissolved BTEX and chlorinated solvent concentrations at levels below current
regulatory guidelines long before potential downgradient receptors could be adversely
affected. Given the possible stabilization and retreat of the dissolved BTEX plume,
RNA with LTM is a viable remedial option fey BTEX-impacted groundwater at the
site. However, due to the ROD cleanup goal for benzene (5 gg/L), RNA with LTM
shoule be used to complement with the ROD-mandated bioventing and air sparging

0 systems. * *
To verify the results of the analytical modeling effort, and to ensure that RNA is

occurring at rates sufficient to protect potential downgradient receptors, groundwater
from 10 LTM wells, including 7 plume-extent wells and 3 downgradient base-boundary
wells, should be sampled and analyzed for the parameters listed in Tables 6.1 (plume-
extent wells) and 6.2 (base-boundary wells). Figure 6.1 shows suggested locations for 0
LTM monitoring wells. These wells should be sampled annually for 10 years. At that
time, sampling could cease, decrease in frequency, or continue annually as dictated by
the analytical results. If dissolved BTEX or CAH concentrations in groundwater
collected from the downgradient Base-boundary wells exceed ROD or regulatory
criteria, additional evaluation or corrective action may be necessary at this site.
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COMENTS: ... .

Etev Depth Pro- US Sanple Smple Pael TOTAL PH

(ft) (ft) fie CS Geologic Description No. OCtl (R) Type Res PIOCen) IlWpp 6EXtm: (pws)

- I - "' .A ) -.. •1"'1- &a -- , F ,- L I
5 4 = 7 y !5; , , b ,.Z / S • ,- E 6 '2 " ,, •C _, f 0 70 o (
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:SA4 i

/10 Alecoc y 0 & 84q. ~ C 4- a/. -

-5 -4 PL
f2" C(.•_ CC S •'

_ 30

NOTES SAMPLE TYPE

bgs - Below Ground Surface D - DRIVE

GS - Ground Surface C - CORE GEOLOGIC BORING LOG
TOC - Top of Casing G - GRAB

NS - Not Sampled • Water level drilled Site FT-1
SAA - Some As Above Intrinsic Remediation TS

Fairchild AFB, Washington
Mb PARSONS

ENGINEERING SCIENCE, INC.
Denver, Colorado
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_ _425 J L-.'
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NS - Not Sampled Y Water level c,-..;ed Site FT-1

SAA - Some As Above Intrinsic Remediation TS

Fairchild AFB, Washington

f3 PARSONS
ENGINEERING SCIENCE, INC.

Denver, Colorado
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ft) (Lt) file CS "IN~~ 'L(-) (-,Lt.- I,-
* _ ,7

5 1

-10- 7 L_. )1

S--20-

-25-

S -_30-

NOTES SAMPLE TYPE
bgs - Below Ground Surface D - DRIVE

GS - Ground Surface C - CORE GEOLOGIC BORING LOG
TOG - Top of Casing G - GRAB

NS - Not Sampled Y Water level drilled Site FT-!

SAA - Some As Above =Intrinsic Remediation TS
Fairchild AFB, Washington

Mb PARSONS
ENGINEERING SCIENCE, INC.

Denver. Colorado

0 00
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LOCATION: F?,4, L BORING DIA.: _2_ 4 TEMP: 4"
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Elev Depth Pro- US Somple Srnie Peret TOTAL IPH
(ft) (ft) file CS Geologic Description No. DqUp (ft) Type Res P0pm) l.V(wm BM p) (Ppm)

1 LA e , SA,, O,. A it 6.L _ g7_11

-5-

-_25-

-_30-

NOTES SAMPLE TYPE

bgs - Below Ground Surface D - DRIVE

GS - Ground Surface C - CORE GEOLOGIC BORING LOG
TOC - Top of Casing G - GRAB

NS - Not Sampled "Wter level drilled Site FT-1

SAA - Some As Above Intrinsic Remediation TS
Fairchild AFB, Washington

M PARSONS
ENGINEERING SCIENCE, INC.

Denver. Colorado
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JOB NO.: .7.-'fL/f-O. 1B DRLG METHOD: Lecl-7 ,J"•,) ELEVATION: z-
LOCATION: AA > - BORING DIA.: 2'" TEMP:
GEOLOGIST: P/K V B'•3- DRLG FLUID: 40_,1- _ WEATHER:
COMENTS:

Ele Depth Pro- US Sample S.mple Poet I01M"AL WPH
(ft) (if) file CS Geologic Description No. Depth (Itj Type Res PGmo(m) TL.,pm DlE• )p (pp'n)

1SF ,., _,,.• c4.. C5 %• L,__

(5 -c0

-155
10

-20-

FIGURE 3.3
NOTES SAMPLE TYPE

bgs - Below Ground Surface D - DRIVE
GS - Ground Surface C - CORE GEOLOGIC BORING LOG

TOC - Top of Casing G - GRAB
NS - Not Sampled Y Water level drilled Site FT-1

SAA - Same As Above Intrinsic Remediation TS

Fairchild AFB, Washington
fi~ PARS•ONS

L- ENGINEERING SCIENCE, INC.
Denver, Colorado

3-7

0 * S •5 0 0 0 0 0 0
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APPENDIX A.2

MONITORING POINT COMPLETION RECORDS

L:45018kFT-1-REPkAPPCOVS.DOC
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S1MONITORING POINT INSTALLATION RECORD
JOB NAME FAi'CHILD - MONITORING POINT NUMBER
JOB NUMBER 27 7-qs-l INSTALLATION DATE .///A' LOCATION T- I

DATUM ELEVATION __ oe_ _ GROUND SURFACE ELEVATION 2L/O , 6

* DATUM FOR WATER LEVEL MEASUREMENT __o __4E

SCREEN DIAMETER & MATERIAL •-• ,3 W ,,- e ) ,1 s SLOT SIZE ,31
RISER DIAMETER & MATERIAL 0-322' "7ýQFI,. -hJ PP-tr BOREHOLE DIAMETER 0 S-"

CONE PENETROMETER CONTRACTOR .PPr,•tv E ES REPRESENTATIVE M%4 t AJR--
4

r-VENTED CAP

GROUND SURFACE COE

CONCRETE

THREADED COUPUNG

LENGTH OF SOUD
RISER: /r f

TOTAL DEPTH
SOLID RISER OF MONITORING

POINT: -•. o

LENGTH OF

SCREEN: P '5'

SCREEN SLOT

SCREEN - SIZE: 0.O1"

CAP LENGTH OF BACKILLED

BOREHOLE:

* ___L BACKFILLED WITH:

(NOT TO SCALE)

MONITORING POINT
INSTALLATION RECORD

4 STABILIZED WATER LEVEL NN\ FEET Site FT-1
BELOW DATUM. Intrinsic Remediation TS

Fairchild AFB, Washington
TOTAL MONITORING POINT DEPTH -_ FEET

BELOW DATUM. f PARSONS
ENGINEERING SCIENCE, INC.

GROUND SURFACE 2 Lf 0 0 FEET Denver, Colorado

• 4

, , n-I I I n Il InI I m0nIi



* MONITORING POINT INSTALLATION RECORD
JOB NAME 6IR4•bCi1t MONITORING POINT NUMBER IAP Z.
J01B NUMBER 2 -2 11.5-0 INSTALLATION DATE / 013 1,9--f LOCATION Fl-r
DATUM ELEVATION GROUND SURFACE ELEVATION 2 9'5

DATUM FOR WATER LEVEL MEASUREMENT -Fro c,ý CASIA6

SCREEN DIAMETER & MATERIAL 0. - PVC SLOT SIZE o0/
RISER DIAMETER & MATERIAL - . 5 7Vc BOREHOLE DIAMETER . z.*
CONE PENETROMETER CONTRACTOR f'FeSt,., CS ES REPRESENTATIVE 1"If A-T9.

S

--VENTED CAP
GROUND SURFACE.•_•I 7-OE

6A •S
CONCRETE • .

THREADED COUPLING

LENGTH OF SOLID
a RISER: ,5-.

TOTAL DEPTH
SOUD RISER OF MONITORING

POINT: /0

LENGTH OF
SCREEN: s- o

SCREEN SLOT
SCREEN SIZE: 0.01"

CAP LENGTH OF BACKFILLED

J BOREHOLE: : I
BACKFILLED WITH:

(NOT TO SCALE)

MONITORING POINT

INSTALLATION RECORD

STA3IUZED WATER LEVEL 5. 2o FEET Site FT-1

BELOW DATUM. Intrinsic Remediation TS
Fairchild AFB, Washington

TOTAL MONITORING POINT DEPTH /L6 0 FEET

BELDW DATUM. MIb- PARSONS
Z ENGINEERING SCIENCE, INC.

GROUND SURFACE " " / FEET Denver. Colorado

6) • •••

0 , Slln II 0 il/i l 0l I



MONITORING POINT INSTALLATION RECORD
JOB NAME /7FhC6,L/ ,lFA MONITORING POINT NUMBER /v1P- 3D

9 JOB NUMBER L2-2 , y I ' INSTALLATION DATE /0/_1__19_S LOCATION 7- /
0 DATUM ELEVATION 2_ 41o ý-. 0 GROUND SURFACE ELEVATION Z q6• 5-.-

DATUM FOR WATER LEVEL MEASUREMENT SLOT 'SIEAC•

SCREEN DIAMETER &. MATERIAL 0 £ 5 G/ RN SUAE E SLOT SIZE N -0 ""

RISER DIAMETER &: MATERIAL 0 14S " 7-- F"_ J,,_ _A61_BOREHOLE DIAMETER 0 "

CONE PENETROMETER CONTRACTOR AP PP-,-s - _L ES REPRESENTATIVE ,'v 9 Aiz

FVENTED CAP

SCOVER

GROUND SURFACE '7

"CONCRETE

THREADED COUPLING

LENGTH OF SOLID
RISER: ,.;•-

TOTAL DEPTH
SOLID RISER •OF MONITORING

POINT: 16.

LENGTH OF

SCREEN: '

SCREEN SLOT

SCREEN - SIZE: 0.01"

CAP LENGTH OF BACKFILLED
BOREHOLE: -
BACKFILLED WITH:

(NOT To SCALE)

S

MONITORING POINT

INSTALLATION RECORD

STABILIZED WATER LEVEL 1U 10 FEET Site FT-1

BELOW DATUM. Intrinsic Remediation TSBELOW ATUM.Fairchild AFB, Washington

TOTAL MONITORING POINT DEPTH /l FEET

BELOW DATUM. R PARSONS
ENGINEERING SCIENCE , INC.

GROUND SURFACE • "o -, FEET Denver, Colorado

*) 4 S S , • 0 5 0 5 5



MONITORING POINT INSTALLATION RECORD
JOB NAME A' IZ CP"-D A FY MONITORING POINT NUMBER _nP- '/s

JOB NUMBER -77 2/-0o IA/ INSTALLATION DATE /,041/96 LOCATION LT-1

DATUM ELEVATION 7.2,cl "} CGROUND SURFACE ELEVATION 2- 3 9 9-

DATUM FOR WATER LEVEL MEASUREMENT Q, -A &raCC

SCREEN DIAMETER & MATERIAL 0. '" 5v C- SLOT SIZE 0. o0/
RISER DIAMETER & MATERIAL 0.__-"5-____ BOREHOLE DIAMETER . 0

CONE PENETROMETER CONTRACTOR EPus-,,,' , ES REPRESENTATIVE A Iv ( , Tf

LENTE CAP

GROUND ",.. ,E

RISER: 2.-

SOLIDRISERTOTAL DEPTH
SOLI RISR •OF MONITORING

POINT: "-7-T

LENGTH OF
SCREEN: 5 0

SCREEN SLOT

SCREEN - SIZE: 0.01*

CAP LENGTH OF BA KFILLED
BOREHOLE:

BACKFILLED WITH:

(NOT TO SCALE)

MONITORING POINT

INSTALLATION RECORD

E WA FEET Site FT-1
STABILIZED WATER LEVEL Intrinsic Remediation TS

BELOW ATUM.Fairchild AFB. Washington

TOTAL MONITORING POINT DEPTH 7-5 FEET

BELOW DATUM. I 1 PARSONS
ENGINEERING SCIENCE, INC.

GROUND SURFACE 73 ? I FEET Denver. Colorado

4

0 4 _ 0 I•l B Inmmmnmnnmn,



APPENDIX A.3

SLUG TEST RESULTS
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FT-01, Well MW-I Falling Head 1
Time Head Change Unit

0 2.163 1
0.03 0.6675 1
0.07 0.4309 1
0.1 0.2535 1
0.13 0.1521 1
0.17 0.1014 1

0.2 0.0676 1
0.23 0.0507 1
0.27 0.0422 1
0.3 0.0338 1
0.33 0.0338 1
0.37 0.0253 1
0.4 0.0253 1
0.43 0.0253 1
0.47 0.0253 1
0.5 0.0253 1

0.53 0.0253 1
0.57 0.0253 1
0.6 0.0253 1

0.63 0.0253 1
0.67 0.0253 1
0.7 0.0253 1

0.73 0.0169 1
0.77 0.0253 1 S
0.8 0.0253 1

0.83 0.0253 1
0.87 0.0253 1
0.9 0.0253 1

0.93 0.0253 1
0.97 0.0253 1

1 0.0253 1
1.03 0.0253 1
1.07 0.0253 1
1.1 0.0253 1
1.13 0.0253 1
1.17 0.0253 1

1.2 0.0253 1

1.23 0.0253 1
1.27 0.0253 1
1.3 0.0253 1
1.33 0.0253 1 5
1.37 0.0253 1
1.4 0.0253 1
1.43 0.0253 1
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FT-O 1, Well MW- I Falling Head 2
Time Head Change unit

0 1.0224 1
* 0.03 0.5324 1

0.07 0.3296 1
0.1 0.2197 1
0.13 0.1437 1
0.17 0.1014 1
0.2 0.0845 1
0.23 0.0676 1
0.27 0.0592 1
0.3 0.0592 1

0.33 0.0507 1
0.37 0.0507 1

* 0.4 0.0507 1
0.43 0.0507 1
0.47 0.0423 1
0.5 0.0507 1
0.53 0.0423 1
0.57 0.0423 1

* 0.6 0.0423 1
0.63 0.0423 1
0.67 0.0423 1
0.7 0.0423 1

0.73 0.0423 1
0.77 0.0423 1
0.8 0.0423 1

0.83 0.0423 1
0.87 0.0423 1
0.9 0.0423 1

0.93 0.0423 1
* 0.97 0.0423 1

1 0.0423 1
1.03 0.0423 1
1.07 0.0423 1

1.1 0.0423 1
1.13 0.0423 1
1.17 0.0423 1
1.2 0.0423 1

1.23 0.0423 1
1.27 0.0423 1
1.3 0.0423 1

* 1.33 0.0423 1 S
1.37 0.0423 1
1.4 0.0423 1

1.43 0.0423 1
1.47 0.0423 1
1.5 0.0423 1

• 1.53 0.0423 1 5

*
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FT-01, Well MW-I Rising Head 1
Time Head Change Unit

0 0.9125 1
0.03 0.5154 1
0.07 0.3041 1
0.1 (. 1858 1
0.13 0.1182 1
0.17 0.076 1
0.2 0.0591 1

0.23 0.0506 1
0.27 0.0422 1
0.3 0.0337 1
0.33 0.0337 1
0.37 0.0337 1
0.4 0.0253 1
0.43 0.0253 1
0.47 0.0253 1
0.5 0.0253 1
0.53 0.0253 1
0.57 0.0253 1
0.6 0.0253 1
0.63 0.0253 1
0.6;' 0.0253 1
0.7 0.0253 1
0.73 0.0253 1
0.77 0.0253 1
0.8 0.0253 1
0.83 0.0253 1
0.87 0.0253 1
0.9 0.0253 1
0.93 0.0169 1
0.97 0.0253 1

1 0.0253 1
1.03 0.0169 1
1.07 0.0169 1
1.1 0.0253 1
1.13 0.0169 1
1.17 0.0169 1
1.2 0.0169 1
1.23 0.0169 1
1.27 0.0169 1
1.3 0.0253 1
1.33 0.0169 1
1.37 0.0253 1
1.4 0.0169 1
1.43 0.0169 1
1.47 0.0169 1
1.5 0.0169 1

S 0 0 0 0 0 0
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FT-O1, Well MW-I Rising Head 2
Time Head Change Unit

() 0 1.1069 1

0.03 0.5746 1
0.07 0.3295 1

, 0.1 0.1943 1

0.13 0.1267 1
0.17 0.076 1
0.2 0.0507 1
0.23 0.0338 1
0.27 0.0254 1
0.3 0.0254 1
0.33 0.0169 1
0.37 0.0169 1
0.4 0.0169 1
0.43 0.0169 1
0.47 0.0169 1
0.5 0.0085 1
0.53 0.0085 1
0.57 0.0085 1
0.6 0.0085 1
0.63 0.0085 1
0.67 0.0085 1
0.7 0.0085 1
0.73 0.0085 1

• 0.77 0.0085 1

0.8 0.0085 1
0.83 0.0169 1
0.87 0.0085 1
0.9 0.0085 1
0.93 0.0085 1
0.97 0.0085 1

1 0.0085 1
1.03 0.0085 1
1.07 0.0085 1
1.1 0.0085 1
1.13 0.0085 1
1.17 0.0085 1

1.2 0.0085 1
1.23 0.0085 1
1.27 0.0085 1
1.3 0.0085 1
1.33 0.0085 1
1.37 0.0085 1
1.4 0.0085 1
1.43 0.0085 1
1.47 0.0085 1
1.5 0.0085 1
1.53 0.0085 1
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FT-O 1, Well MW-3 Falling Head I
Time Head Change Unit

0 1.2082
0.03 0.6759

0.07 0.4055 1
01 0.245

0.13 0.1352 1
0.17 0.0845 1
0.2 0.0591 10.23 0.0507 1

0.27 0.0338 1
0.3 0.0338 1
0.33 0.0338 1
0.37 0.0338 1
0.4 0.0253 1

0.43 0.0338 1
0.47 0.0422 1
0.5 0.0338 1
0.53 0.0338 1
0.57 0.0338 1
0.6 0.0338 1

0.63 0.0338 1
0.67 0.0253 1
0.7 0.0253 1
0.73 0.0253 1* 40.77 0.0253 1
0.8 0.0253 1

0.83 0.0253 1

0.87 0.0338 1
0.9 0.0338 1
0.93 0.0253

* 0.97 0.0253 1

1 0.0253 1
1.03 0.0253 1
1.07 0.0253 1
1.1 0.0338 1

1.13 0.03381.17 0.0338

1.2 0.0338 1
1.23 0.0169 1
1.27 0.0253 1
1.3 0.0338 1

1.33 0.0253 1
1.37 0.0338 1
1.4 0.0169 1
1.43 0.0338 1
1.47 0.0338 1
1.5 0.0253 11.53 0253 1

a .... .. .• . .. . . ., . . .. _ . = .
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FT-01, Well MW-3 Falling Head 2

Time Head Change Unit
0 6.9192 1

4 0.03 0.7858 1
0.07 0.4647 1
0.1 0.2619 1

0.13 0.169
0.17 0.093 1
02 0.0507

0.23 0.0338 1
0.27 0.0169 1
0.3 0.0169 1

0.33 0.0085 1
0.37 0.0085 14 0.4 0 1

0.43 0 1
0.47 0 1
0.5 0 1
0.53 0 1
0.57 0 1S0.6 0 1
0.63 0 1
0.67 0 1
0.7 0 1
0.73 0 1* 0.77 0 10.8 0 1
0.83 0 1
0.87 0 1
0.9 0 1
0.93 0 1
0.97 0 1

1 0 1

4

.

4

4

. 6 9 90 S 0
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iI

FT-0 1, Well MW-3 Rising Head I
Time Head Change Unit

0 1.09 1
0.03 0.676 1 -
0.07 0.3972 1
0.1 0.2366 1

0.13 0.1268 1
0.17 0.0761 1
0.2 0.0507 1
0.23 0.0338 1
0.27 0.0338 1
0.3 0.0254 1

0.33 0.0254 1
0.37 0.0254 1

4 0.4 0.0254 1
0.43 0.0169 1
0.47 0.0169 1
0.5 0.0169 1
0.53 0.0169 1
0.57 0.0085 1
0.6 0.0085 1
0.63 0.0085 1

0.67 0 1
0.7 -0.0084 1

0.73 0 1
* 0.77 0 1 -

0.8 0 1
0.83 -0.0084 1
0.87 -0.0084 1
0.9 -0.0084 1

0.93 -0.0094 1
0.97 -0.6004 1 I

1 -0.0084 1

4 I
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FT-01, Well MW4i Falling Head I
Time Head Change Unit

0 2.913 1
0.03 2.87 1
0.07 2.854 1
0.1 2.845 1
0.13 2.828 1
0.17 2.82 1
0.2 2.82 1
0.23 2.803 1
0.27 2.803 1

0.3 2.786 1
0.33 2.778 1
0.37 2.769 1
0.4 2.761 1

0.43 2.752 1
0.47 2.744 1

0.5 2.727 1
0.53 2.727 1
0.57 2.71 1
0.6 2.701 1
0.63 2.693 1
0.67 2.685 1
0.7 2.676 1

0.73 2.668 1
0.77 2.668 1
0.8 2.651 1

0.83 2.642 1
0.87 2.634 1
0.9 2.634 1
0.93 2.617 1
0.97 2.609 1

1 2.609 1
1.03 2.6 1
1.07 2.592 1

1 1 2.583 1
1.13 2.575 1
1.17 2.566 1
1.2 2.558 1
1.23 2.558 1
1.27 2.549 1
1.3 2.541 1
1.33 2.532 1
1.37 2.524 1
1.4 2.516 1
1.43 2.516 1
1.47 2.507 1
1.5 2.507 1
1.53 2.499 1

* 0 0 0 01 _ 0 0



* SI

FT-01, Well MW4 Falling Head 1
Time Head Change Unit

* 1.57 2.49 1 5
1.6 2.49

1.63 2.473
1.67 2.473
1.7 2.465
1.73 2.456

* 1.77 2.456 1 5
1.8 2.448 1

1.83 2.448 1
1.87 2.44
1.9 2.44

1.93 2.423 1
1.97 2.414

2 2.414 1
2.03 2.406 1
2.07 2.406 1
2.1 2.406 1

* 2.13 2.397 1 •
2.17 2.389 1
2.2 2.389 1
2.23 2.389 1
2.27 2.372 1
2.3 2.38 1
2.33 2.364 1
2.37 2.364 1
2.4 2.364 1
2.43 2.355 1
2.47 2.355 1

* 2.5 2.347 1 5
2.53 2.347 1
2.57 2.338 1
2.6 2.338 1
2.63 2.33 1
2.67 2.321 1

* 2.7 2.321 1 5
2.73 2.313 1
2.77 2.313 1
2.8 2.304 1

2.83 2.304 1

2.87 2.304 1
2.9 2.296 1
2.93 2.296 1
2.97 2.287 1

3 2.287 1
3.03 2.279 1

* 3.07 2.287 1 5
3.1 2.279 1

9_ • •9 0. 0• 0 0



FT-01, Well MW-I Falling Head 1
Time Head Change Unit
3.13 2.271 1
3.17 2.271 1
3.2 2.271 1

3.23 2.262 1
3.27 2.262 1
3.3 2.262 1

* 3.33 2.262 1
3.37 2.262 1
3.4 2.254 1
3.43 2.245 1
3.47 2.254 1
3.5 2.245 1

• 3.53 2.237 1
3.57 2.245 1
3.6 2.237 1
3.63 2.237 1
3.67 2.228 1
3.7 2.228 1
3.73 2.228 1
3.77 2.228 1
3.8 2.22 1
3.83 2.211 1
3.87 2.211 1

* 3.9 2.22 1
3.93 2.211 1
3.97 2.203 1

4 2.211 1
4.03 2.203 1
4.07 2.203 1
4.1 2.203 1
4.13 2.203 1
4.17 2.195 1
4.2 2.195 1
4.23 2.195 1

* 4.27 2.186 1
4.3 2.178 1
4.33 2.186 1

4.37 2.178 1
4.4 2.169 1
4.43 2.169 1

* 4.47 2.169 1
4.5 2.169 1
4.53 2.169 1

4.57 2.169 1
4.6 2.161 1
4.63 2.169 1
4.67 2.161 1

6. . ,

S- m m l 0 ...... .. 0



IFT-O 1, Well MW-" Falling Head I
Time Head Change Unit
4.7 2152 1 5
4.73 2.152 1
4.77 2.152 1
4.8 2.152 1
483 2161 1
4.87 2.144 1
4.9 2.144 1 5
4.93 2.152 1
497 2.152 1

5 2.152 1
5.03 2.144 1

5.07 2.144 1
5.1 2 135 1

5.13 2.144 1
5.17 2.144 1
5.2 2.144 1
5.23 2.135 1
5.27 2.135 1 0
5.3 2.127 1
5.33 2.135 1

5.37 2.135 1
5.4 2.135 1
5.43 2.135 1
5.47 2.127 1 5
5.5 2.127 1
5.53 2.127 1
5.57 2.127 1
5.6 2.127 1
5.63 2.127 1 5
5.67 2.127 1

5.7 2.118 1
5.73 2.127 1
5.77 2.118 1
5.8 2.118 1
5.83 2.11 1 5
5.87 2.118 1
5.9 2.11 1

5.93 2.118 1
5.97 2.11 1

6 2.11 1
6.03 2.11 1
6.07 2.11 1
6.1 2.102 1
6.13 2.11 1
6.17 2.11 1

4 6.2 2.11 1 •

6.23 2.11 1

4S

S • 0 0 • U
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FT-01, Well MW-it Falling Head I
Time Head Change Unit
6,27 2.11 1
6.3 2.11 1
6.33 2.102 1
6.37 2.102 1 /
6.4 2.11 1
6.43 2.102 1
6.47 2.102 1 5

6.5 2.102 1
6.53 2.102 1
6.57 2.093 1

6.6 2.093 1
6.63 2.093 1
6.67 2.102 1 5

6.7 2.093 1
6.73 2.093 1
6.77 2.102 1

6.8 2.102 1
6.83 2.093 1
6.87 2.093 1

6.9 2.093 1
6.93 2.093 1
6.97 2.093 1

7 2.093 1
7.03 2.093 1 *
7.07 2.085 1
7.1 2.093 1
7.13 2.093 1
7.17 2.085 1
7.2 2.085 1

7.23 2.093 1 5
7.27 2.093 1
7.3 2.085 1

7.33 2.085 1
7.37 2.085 1

7.4 2.085 1
7.43 2.076 1
7.47 2.085 1
7.5 2.085 1
7.53 2.085 1
7.57 2.076 1

8 7.6 2.085 1 5
7.63 2.085 1
7.67 2.076 1
7.7 2.085 1
7.73 2.076 1

7.77 2.085 1
7.8 2.076 1

S D

S 0 0 9_ 0 S 0 0 0



FT-O 1, Well MW-k Falling Head I
Time Head Change Unit
7.83 2.085 1 S
7.87 2.085 1
7.9 2.076 1
7.93 2.085 1
7.97 2.085 1

8 2.085
8.03 2.076 1 5
8.07 2.068
8.1 2.076 1
8.13 2.076
8.17 2.068 1
8.2 2.076 1
8.23 2.076 1
8.27 2.068 1
8.3 2.068 1
8.33 2.068 1
8.37 2.068 1
8.4 2.076 1 S
8.43 2.076 1
8.47 2.076 1
8.5 2.076 1
8.53 2.076 1
8.57 2.076 1 *
8.6 2.068 1
8.63 2.068 1
8.67 2.076 1
8.7 2.076 1
8.73 2.068 1
8.77 2.068 1 5
8.8 2.068 1
8.83 2.068 1
8.87 2.068 1
8.9 2.068 1
8.93 2.068 1
8.97 2.068 1

9 2.068 1
9.03 2.068 1
9.07 2.068 1
9.1 2.068 1
9.13 2.068 1
9.17 2.068 1
9.2 2.068 1
9.23 2.068 1
9.27 2.068 1
9.3 2.068 1
9.33 2.068 1 S
9.37 2.059 1

• • • _,Q ... .. . • •S



FT-01, Well MW-ir Falling Head I
Time Head Change Unit
9.4 2.068

9.43 2,06R 1 S
9.47 2.059 1
9.5 2.068 1

9.53 2.059 1
9.57 2.068

9.6 2.068 1
9.63 2.068
9.67 2.068 1

9.7 2.068 1

9.73 2.068 1
9.77 2.068 1
9.8 2.059 1 S
9.83 2.068 1
9.87 2.059 1
9.9 2.068 1

9.93 2.059 1
9.97 2.068 1

10 2.059 1

10.03 2.068 1
10.07 2.059 1
10.1 2.059 1
10.13 2.068 1
10.17 2.068 1 0
10.2 2.059 1
10.23 2.059 1
10.27 2.059 1

10.3 2.059 1
10.33 2.068 1
10.37 2.059 1 S
10.4 2.059 1
10.43 2.059
10.47 2.059 1
10.5 2.068 1
10.53 2.059 1
10.57 2.059 1
10.6 2.068 1

10.63 2.059 1
10.67 2.068 1
10.7 2.068 1

10.73 2.068 1 S
10.77 2.059 1
10.8 2.059 1

10.83 2.068 1
10.87 2.068
10.9 2.059 1

10.93 2.059 1

• • •• .o • •S



FT-0I, Well MW-i" Falling Head 1
Time Head Change Unit
10.97 2.059 1

11 2.059

11.01 2.059 1
11 2.059
I ý, 2.068

11.13 2.059
11.17 2.059 1
11.2 2.068

11.23 2.059 1
11.27 2.059 1
11.3 2.059 1
11.33 2.068 1
11.37 2.068 1
11.4 2.068 1

11.43 2.059 1
11.47 2.059 1
11.5 2.059 1
11.53 2.059 1 S
11.57 2.051
11.6 2.059
11.63 2.059
11.67 2.059
11.7 2.059 1

11.73 2.059 1
11.77 2.059 1
11.8 2.059 1
11.83 2.059 1
11.87 2.059 1
11.9 2.059 1
11.93 2.059 1
11.97 2.059 1

12 2.059 1
12.03 2.059 1
12.07 2.059 1
12.1 2.059 1 5
12.13 2.059 1
12.17 2.059 1

12.2 2.059 1
12.23 2.059 1
12.27 2.059 1
12.3 2.051 1

12.33 2.059 1
12.37 2.059 1

12.4 2.059 1
12.43 2.059 1

• • •• Q • •• •
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S

FT-01, Well MW-151 Falling Head 2
Time Head Change Unit

o 1.006 1 D
0.03 0.938 1
0.07 0.93 1
0.1 0.921 1

0.13 0.904 1

0.17 0.896 1
0.2 0.888 1

0.23 0.879 1
0.27 0871 1
0.3 0,854 1

0.33 0.854 1
0.37 0.828 1
0.4 0.828 1

0.43 0.82 1
0.47 0.803 1

0.5 0.795 1

0.53 0.795 1

0.57 0.786 1
0.6 0.769 1

0.63 0.761 1
0.67 0.752 1

0.7 0.744 1

0.73 0.735 1 *
0.77 0.727 1
0.8 0.719 1
0.83 0.71 1
0.87 0.693 1

0.9 0.693 1

0.93 0.685 1
0.97 0.676 1

1 0.668 1
1.03 0.659 1

1.07 0.659 1
1.1 0.651 1

1.13 0.642 1
1.17 0.634 1

1.2 0.626 1

1.23 0.617 1
1.27 0.609 1

1.3 0.6 1

1.33 0.6 1
1.37 0.592 1

1.4 0.575 1

1.43 0.566 1
1.47 0.566 1

1.5 0.566 1
1.53 0.558 1

S 0 0 0 0 0 0 0 0 0



S

FT-0I, Well MW-151 Falling Head 2
Time Head Change Unit

1.57 0.55 1
1.6 0.54 1 15

1.63 0.541 1
1.67 0.533 1
17 0.524 1

1.73 0.516 1
1.77 0.516 1 5

1.8 0.499 1
1.83 0.499 1
1.87 0.499 1
1.9 0.49 1

1.93 0.482 1

1.97 0.482 1 •
2 0.473 1

2.03 0.473 1
2.07 0.457 1
2.1 0.457 1
2.13 0.448 1

2.17 0.448 1
2.2 0.44 1
2.23 0.44 1
2.27 0.431 1
2.3 0.431 1
2.33 0.423 1 • 0
2.37 0.423 1
2.4 0.414 1
2.43 0.406 1
2.47 0.406 1
2.5 0.406 1
2.53 0.397 1
2.57 0.397 1
2.6 0.389 1
2.63 0.389 1
2.67 0.381 1
2.7 0.372 1
2.73 0.372 1
2.77 0.372 1
2.8 0.364 1
2.83 0.364 1
2.87 0.355 1
2.9 0.355 1
2.93 0.355 1
2.97 0.347 1

3 0.347 1
3.03 0.338 1
3.07 0.338 1

3.1 0.338 1

• • • •• • •



FT-01, Well MW-151 Falling Head 2
Time Head Change Unit

3.13 0.33 1 S
3.17 0.33 1
3.2 0.321 1
3.23 0.321 1
3.27 0.313 1
3.3 0.313 1
3.33 0.313 1
3.37 0.313 1
3.4 0.305 1
3.43 0.305 1

3.47 0.296 1
3.5 0.296 1
3.53 0.296 1
3.57 0.288 1

3.6 0.288 1

3.63 0.279 1
3.67 0.288 1
3.7 0.279 1
3.73 0.271 1

3.77 0.279 1
3.8 0.271 1

3.83 0.262 1

3.87 0.262 1 * •

3.9 0.262 1
3.93 0.254 1
3.97 0.254 1

4 0.254 1
4.03 0.254 1
4.07 0.254 1 S
4.1 0.254 1
4.13 0.245 1
4.17 0.245 1
4.2 0.245 1
4.23 0.237 1
4.27 0.237 1 S
4.3 0.237 1
4.33 0.237 1
4.37 0.237 1

4.4 0.237 1
4.43 0.228 1 5

4.47 0.228 1
4.5 0.228 1
4.53 0.228 1
4.57 0.22 1
4.6 0.22 1
4.63 0.22 1 5
4.67 0.212 1

- • .,,,• o• • •



FT-O1, Well MW-151 Falling Head 2

Time Head Change Unit
4.7 0.212 1
4.73 0.22 1
4.77 0.212 1
4.8 0.212
4.83 0.22 1
4.87 0.212 1
4.9 0.212 1
4.93 0.203 1

4.97 0.203 1
5 0.203 1

5.03 0.203 1
5.07 0.203 1

5.1 0.195 1 S
5.13 0.195 1

5.17 0.195 1
5.2 0.195 1
5.23 0.186 1
5.27 0.186 1
5.3 0.195 1

5.33 0.186 1
5.37 0.186 1
5.4 0.186 1
5.43 0.186 1
5.47 0.186 1 S 0
5.5 0.186 1

5.53 0.178 1
5.57 0.178 1
5.6 0.178 1
5.63 0.178 1
5.67 0.178 1
5.7 0.178 1
5.73 0.178 1
5.77 0.169 1

5.8 0.169 1
5.83 0.169 1 •

5.87 0.169 1
5.9 0.161 1
5.93 0.169 1
5.97 0.161 1

6 0.169 1
6.03 0.169 1 S
6.07 0.161 1
6.1 0.161 1
6.13 0.161 1
6.17 0.161 1
6.2 0.161 1

6.23 0.161 1

.o.



FT-01, Well MW-151 Falling Head 2
Time Head Change Unit
6.27 0.152 1 S
6.3 0.152 1
6.33 0.161 1 Ar
6.37 0.152 1
6.4 0.152 1

6.43 0.152 1

6.47 0.152 1
6.5 0.152 1
6.53 0.152 1
6.57 0.152 1
6.6 0.152 1
6.63 0.144 1
6.67 0.144 1
6.7 0.152 1
6.73 0.152 1
6.77 0.152 1
6.8 0.152 1
6.83 0.152 1 •
6.87 0.144 1
6.9 0.144 1
6.93 0.144 1
6.97 0.144 1

7 0.144 1
7.03 0.144 1
7.07 0.136 1
7.1 0.144 1
7.13 0.144 1
7.17 0.136 1
7.2 0.144 1
7.23 0.144 1
7.27 0.136 1
7.3 0.136 1
7.33 0.136 1
7.37 0.136 1
7.4 0.136 1 D

7.43 0.136 1
7.47 0.136 1
7.5 0.136 1
7.53 0.136 1
7.57 0.127 1 4
7.6 0.136 1
7.63 0.136 1
7.67 0.127 1
7.7 0.136 1
7.73 0.136 1
7.77 0.127 1 •
7.8 0.136 1

S4

S _0 *



Fr-O 1, Well MW- 151 Falling Head 2
Time Head Change Unit
7.83 0.127 1
7.87 0.127 1
7.9 0.127 1
7.93 0.127 1
7.97 0.127

8 0.136 1
8.03 0.127 1 4
8.07 0.127 1

* I

* I

* I

* I

* I

* I

S••. .. ••*, O
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FT-01, Well MW-151 Rising Head I
Time Head Change Unit (g

0 0.98 1
0.03 0.853 1
0.07 0.845 1
0.1 0.828 1

0.13 0.819 1
0.17 0.802 1
0.2 0.794 1
0.23 0.777 1
0.27 0.769 1
0.3 0.752 1
0.33 0.752 1
0.37 0.735 1
0.4 0.726 1
0.43 0.718 1
0.47 0.709 1
0.5 0.701 1
0.53 0.701 1
0.57 0.684 1
0.6 0.667 1
0.63 0.659 1
0.67 0.65 1
0.7 0.642 1
0.73 0.633 1

0.77 0.616 1 I 6
0.8 0.608 1
0.83 0.608 1
0.87 0.6 1
0.9 0.591 1
0.93 0.583 1

0.97 0.574 1
1 0.566 1

1 03 0.557 1
1.07 0.549 1
1.1 0.54 1
1.13 0.532 1
1.17 0.532 1
1.2 0.507 1
1.23 0.515 1
1.27 0.507 1
1.3 0.498 1
1.33 0.49 1
1.37 0.481 1
1.4 0.481 1

1.43 0.464 1
1.47 0,464 1
1.5 0.456 1
1.53 0.447 1

• • • O -,, • •• S



4 FT-01, Well MW-151 Rising Head !
Time Head Change unit

1.57 0.447 1
1.6 0.439 1
1.63 0.431 1

1.67 0.422 1

1.7 0.414 1

1.73 0.405 1

1.77 0.405 1

1.8 0.388 1

1.83 0.388 1

1.87 0.38 1

1.9 0.371 1

1.93 0.371 1

1.97 0.363 1

2 0.355 1

2.03 0.355 1

2.07 0.363 1

2.1 0.338 1

2.13 0.338 1 S
2.17 0.329 1

2.2 0.329 1

2.23 0.321 1

2.27 0.312 1

2.3 0.312 1

2.33 0.312 1

2.37 0.304 1

2.4 0.295 1

2.43 0.295 1

2.47 0.287 1

2.5 0.287 1
2.53 0.279 1
2.57 0.279 1

2.6 0.27 l

2.63 0.262 1

2.67 0.262 1

4 2.7 0.262 1

2.73 0.253 1

2.77 0.253 1

2.8 0.245 1

2.83 0.245 1

2.87 0.236 1
2.9 0.245 1

2.93 0.228 1

2.97 0.228
3 0.228 1

3.03 0.219

3.07 0.228 1 S
3.1 0.219 1

S.... O....... . ..... o_ . ... ... . • . .. .... o _ .o . . . • • •. •
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FT-01, Well MW-151 Rising Head 1
Time Head Change Unit
3.13 0.211 1
3.17 0.211 1
3.2 0.211 1
3.23 0.202 1
3.27 0.202 1
3.3 0.202 1
3.33 0.194 1 5
3.37 0.202 1
3.4 0.194 1

3.43 0.186 1
3.47 0.186 1
3.5 0.177 1

3.53 0.177 1
3.57 0.177 1
3.6 0.169 1
3.63 0.169 1
3.67 0.169 1
3.7 0.16 1
3.73 0.16 1
3.77 0.16 1
3.8 0.152 1
3.83 0.152 1
3.87 0.152 1
3.9 0.143 1 D
3.93 0.152 1
3.97 0.143 1

4 0.143 1
4.03 0.135 1
4.07 0.135 1
4.1 0.135 1
4.13 0.135 1
4.17 0.126 1
4.2 0.126 1
4.23 0.126 1
4.27 0.126 1
4.3 0.118 1
4.33 0.126 1
4.37 0.118 1
4.4 0.118 1
4.43 0.11 1
4.47 0.11 1 5
4.5 0.11 1
4.53 0.11 1
4.57 0.101 1
4.6 0.101 1
4.63 0.101 1
4.67 0.101 1

0 0 S 9 0 0 0 0



- FT-O1, Well MW-151 Rising Head 1

Time Head Change Unit
4.7 0.101 1 S

4.73 0.101 1
4.77 0.093 1
4.8 0.093 1

4.83 0.093

4.87 0.093 1
4.9 0.084 1 S
4.93 0.093 1

4.97 0.084 1
5 0.084 1

5.03 0.076 1
5.07 0.076 1
5.1 0.084 1
5.13 0.076 1
5.17 0.076 1
5.2 0.076 1

5.23 0.067 1
5.27 0.067 1 •
5.3 0.059 I
5.33 0.067 1
5.37 0.067 1
5.4 0.067 1
5.43 0.059 1
5.47 0.067 1 0
5.5 0.059 1
5.53 0.059 1
5.57 0.059 1
5.6 0.059 1

4 5.63 0.059 1
5.67 0.05 1
5.7 0.05 1
5.73 0.059 1
5.77 0.05 1
5.8 0.059 1

4 5.83 0.05 1 5
5.87 0.05 1

5.9 0.042 1
5.93 0.042 1
5.97 0.05 1

6 0.05 1
6.03 0.042 1
6.07 0.042 1
6.1 0.042 1

6.13 0.042 1
6.17 0.033 1

4 6.2 0.033 1 0
6.23 0.033 1

• •



FT-01, Well MW-151 Rising Head 1
Time Head Change Unit

6.27 0.042 1
6.3 0.042 1

6.33 0.033 1
6.37 0.033 1
6.4 0.033 1
6.43 0.033 1
6.47 0.033 1
6.5 0.025 1

6.53 0.033 1
6.57 0.025 1
6.6 0.033 1
6.63 0.025 1
6.67 0.025 1
6.7 0.025 1
6.73 0.025 1
6.77 0.025 1
6.8 0.025 1
6.83 0.025 1
6.87 0.017 1
6.9 0.025 1
6.93 0.025 1
6.97 0.017 1

7 0.025 1
7.03 0.025 1
7.07 0.025 1
7.1 0.017 1
7.13 0.017 1
7.17 0.025 1
7.2 0.017 1
7.23 0.017 1

7.27 0.017 1
7.3 0.017 1
7.33 0.008 1
7.37 0.017 1
7.4 0.008 1
7.43 0.008 1
7.47 0.008 1
7.5 0.008 1
7.53 0.008 1
7.57 0.008 1
7.6 0.008 1

7.63 0.008 1
7.67 0.008 1
7.7 0.008 1
7.73 0.008 1
7.77 0.008 1
7.8 0.008 1

Ul 9l 0h 0 00



S

FT-01, Well MW-151 Rising Head 1
Time Head Change unit 0

7.83 0.008 1 S

787 0.008 1

7.9 0.008 1 All
7.93 0.008 1

7.97 0.008 1

8 0 1

8.03 0 1 S
8,07 0 1

8.1 0 1

8.13 0 1

• • S

S

0 S 0 •••
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I

FT-01, Well MW-151 Rising Head 2
Time Head Change Unit (8)

0 0.854 1
0.03 0.828
0.07 0.82 1
0.1 0.812
0.13 0.795 1
0.17 0.778 1
0.2 0.769 1
0.23 0.761
0.27 0.744
0.3 0.735 1
0.33 0.727 1
0.37 0.719 1
0.4 0.71 1
0.43 0.693 1
0.47 0.693 1
0.5 0.676 1
0.53 0.668
0.57 0.659 1
0.6 0.643
0.63 0.634 1
0.67 0.626 1
0.7 0.617 1
0.73 0.609 1
0.77 0.6 1
0.8 0.6 1
0.83 0.583 1
0.87 0.583 1
0.9 0.566 1
0.93 0.558 1
0.97 0.55 1

1 0.541 1
1.03 0.533 1
1.07 0.524 1
1.1 0.516 1
1.13 0.516 1
1.17 0.507
1.2 0.499
1.23 0.49 1
1.27 0.49 1
1.3 0.474 1
1.33 0.474 1
1.37 0.465
1.4 0.448 1

1.43 0.457 1
1.47 0.448 1
1.5 0.431 1
1.53 0.431

D

S S S 5 • 0 5 5 0 0



|S

Fr-o 1, Well MW- 151 Rising Head2 0
Time Head Change Unit
1.57 0.423 1
1.6 0.414 1
1.63 0.406 1
1.67 0.406 1
1.7 0.398 1
1.73 0.389 1
1.77 0.389 1 •
1.8 0.389 1
1.83 0.381 1
1.87 0.372 1
19 0.364 1
1.93 0.364 1
1.97 0.355 1
2 0.347 1

2.03 0.347 1
2.07 0.338 1
2.1 0.33 1
2.13 0.33 1 •
2.17 0.321 1
2.2 0.321 1
2.23 0.321 1
2.27 0.305 1
2.3 0.305 1
2.33 0.296 1 5
2.37 0.296 1
2.4 0.288 1
2.43 0.296 1
2.47 0.279 1
2.5 0.279 1
2.53 0.271 1
2.57 0.271 1
2.6 0.262 1
2.63 0.262 1
2.67 0.262 1
2.7 0.262 1 S
2.73 0.245 1
2.77 0.245 1
2.8 0.237 1

2.83 0.237 1
2.87 0.229 1
2.9 0.229 12.93 0.229 1

2.97 0.22 1
3 0.229 1

3.03 0.22 1
3.07 0.22 1 S
3.1 0.212 1

• • • •• • •S

S S S . .. . 0 5



I

FT-O1, Well MW-151 Rising Head 2

Time Head Change Unit )
3.13 0.203 1
3.17 0.203 1

3.2 0.203 1

3.23 0.195 1

3.27 0.195 1

3.3 0.186 1

3.33 0.186 1

3.37 0.186 1
3.4 0.178 1
3.43 0.178 1

3.47 0.186 1
3.5 0.169 1

3.53 0.169 1
3.57 0.169 1
3.6 0.161 1

3.63 0.161 1
3.67 0.161 1

3.7 0.152 1

3.73 0.152 1

3.77 0.152 1

3.8 0.152 1

3.83 0.144 1

3.87 0.144 1

3.9 0.144 1

3.93 0.136 1

3.97 0.136 1

4 0.136 1

4.03 0.136 1

4.07 0.127 1
4.1 0.127 1

4.13 0.119 1

4.17 0.127 1
4.2 0.127 1

4.23 0.119 1

4.27 0.119 1
4.3 0.119 1

4.33 0.11 1

4.37 0.119 1

4.4 0.11 1

4.43 0.11 1

4.47 0.11 1

4.5 0.102 1

4.53 0.11 1
4.57 0.102 1

4.6 0.102 1

4.63 0.102 1
4.67 0.093 1

0 0 0 0 0 0 0 _ 0 0



FT-0I, Well MW-151 Rising Head 2

Time Head Change Unit
4.7 0.093 1
4.73 0.093 1
4.77 0.093 1 l
4.8 0.093 1

4.83 0.085 1
4.87 0.085 1
4.9 0.085 1
4.93 0.085 1

4.97 0.085 1
5 0.076 1

5.03 0.076 1
5.07 0.076 1
5.1 0.076 1
5.13 0.085 1
5.17 0.076 1
5.2 0.076 1

5.23 0.068 1
5.27 0.068 1

5.3 0.068 1
5.33 0.068 1
5.37 0.068 1
5.4 0.068 1
5.43 0.06 1

5.47 0.06 1 I 0
5.5 0.068 1

5.53 0.06 1
5.57 0.068 1
5.6 0.068 1
5.63 0.06 1
5.67 0.06 1
5.7 0.051 1
5.73 0.051 1
5.77 0.051 1
5.8 0.051 1
5.83 0.051 1
5.87 0.06 1
5.9 0.051 1
5.93 0.051 1
5.97 0.051 1

6 0.051 1

6.03 0.043 1

6.07 0.051 1
6.1 0.043 1
6.13 0.051 1
6.17 0.051 1
6.2 0.043 1

6.23 0.043 1

SO O
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Fr-O 1, Well MW- 151 Rising Head 2

Time Head Change Unit

6.27 0.043 1
6.3 0.034 1

6.33 Oý043 1

6.37 0.043 1

6.4 0.043 1

6.43 0.034 1
6.47 0.043 1
6.5 0.034 1

6.53 0.034 1

6.57 0.034 1
6.6 0,034 1
6.63 0.034 1

6.67 0.034 1

6.7 0.034 1

6.73 0.034 1

6.77 0.034 1

6.8 0.026 1

6.83 0.026 1
6.87 0.026 1
6.9 0.026 1

6.93 0.026 1

6.97 0.026 1
7 0.026 1

7.03 0.026 1

7.07 0.017 1

7.1 0.026 1

7.13 0.017 1
7.17 0.017 1
7.2 0.026 1
7.23 0.017 1
7.27 0.026 1

7.3 0.017 1

7.33 0.017 1

7.37 0.017 1

7.4 0.017 1 0

7.43 0.017 1

7.47 0.017 1

7.5 0.017 1

7.53 0.017 1

7.57 0.026 1
7.6 0.017 1
7.63 0.017 1
7.67 0.017 1
7.7 0.017 1
7.73 0.017 1

7.77 0.017 1
7.8 0.017 1

40



DI

FT-O 1, Well MW- 151 Rising Head 2

Time Head Change Unit
7.83 0.017 1 p
7.87 0.009 1
7.9 0.017 1
7.93 0.009 1
7.97 0.009 1

8 0.009 1
8.03 0.009 1 4
8.07 0.009 1
8.1 0.017 1
8.13 0.009 1
8.17 0.009 1
8.2 0,009 1
8.23 0.009 1 I
8.27 0.009 1
8.3 0.009 1
8.33 0.009 1
8.37 0.009 1
8.4 0.009 1 4
8.43 0.009 1
8.47 0.009 1
8.5 0.009 1
8.53 0.009 1
8.57 0.009 1
8.6 0.009 1 0
8.63 0.009 1
8.67 0.009 1
8.7 0.009 1
8.73 0 1
8.77 0 1 4

8.8 0.009 1
8.83 0.009 1
8.87 0 1
8.9 0 1
8.93 0.009 1
8.97 0 1 4

9 0 1
9.03 0 1
9.07 0 1
9.1 0 1
9.13 0 1
9.17 0 1
9.2 0 1

S ___o• • _ • • •. •
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D

FT-01, Well MW-153 Falling Head 1
Time Head Change Unit

0 4.5288 1
0.03 4.5288 1
0.07 1.8419 1
0.1 0.7097 1
0.13 0.2788 1
0.17 0.2028 1
0.2 0.169 1

0.23 0.1605 1
0.27 0. 1605 1
0.3 0.1521 1

0.33 0.1605 1
0.37 0.1521 1
0.4 0.1521 1

0.43 0 1521 1
0.47 0.1605 1
0.5 0.1521 1

0.53 0.1521 1
0.57 0.1521 1
0.6 0.1521 1

0.63 0.1521 1
0.67 0.1521 1
0.7 0.1521 1

0.73 0.1521 1
0.77 0.1521 1
0.8 0.1521 1

0.83 0.1521 1
0.87 0.1521 1
0.9 0.1521 1

0.93 0.1521 1
0.97 0.1521 1
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FT-01, Well MW-153 Falling Head 2
Time Head Change Unit (-

0 0.6929 1
- 0.03 0.5746 1

0.07 0.4816 1
0.1 0.4056 1
0.13 0.3464 1
0.17 0.2873 1
0.2 0.245 1

0.23 0.2028 1
0.27 0.169 1
0.3 0. 1437 1
0.33 0.1183 1
0.37 0.1014 1

S0.4 0.0845 1
0.43 0.0761 1
0.47 0.0676 1
0.5 0.0507 1
0.53 0.0423 1
0.57 0.0423 1
0.6 0.0338 1

0.63 0.0254 1
0.67 0.0254 1
0.7 0.0254 1
0.73 0.0254 1

S0.77 0.0169 1
0.8 0.0169 1
0.83 0.0085 1
0.87 0.0085 1
0.9 0.0085 1

0.93 0 1
- 0.97 0.0085 1

1 0 1
1.03 0 1
1.07 0 1
1.1 0 1

S1.13 0 1
1.17 -0.0084 1

6 •
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4

FT-01, Well MW-153 Rising Head 1
Time Head Change Unit

0 0.1605 1
0.03 0.1267 1
0.07 0.0507 1
0.1 0.0253 1
0.13 0.0169 1
0.17 0.0084 1

4 0.2 0.0084 1
0.23 0 1
0.27 0 1
0.3 0 1

0.33 0 1
0.37 0 1

4 0.4 0 1
0.43 0 1
0.47 0 1
0.5 0 1
0.53 0 1

4 0.57 0 1
0.6 0 1

0.63 0 1
0.67 0 1
0.7 0 1
0.73 0 1

4 0.77 0 1
0.8 0 1
0.83 0 1
0.87 0 1
0.9 0 1
0.93 0 1
0.97 0 1

1 0.0084 1
1.03 0 1

4

4

4

4
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FT-01, Well MW-153 Rising Head 2
Time Head Change Unit

0 0.2614 1
0.03 0.1262 1
0.07 0.0924 1
0.1 0.0586 1
0.13 0.0502 1
0.17 0.0333 1
0.2 0.0248 1
0.23 0,0164 1
0.27 0.0164 1
0.3 0.0164 1
0.33 0.0079 1
0.37 0.0079 1
0.4 0.0079 1

0.43 -0.0005 1
0.47 -0.0005 1
0.5 -0.0005 1

0.53 -0.0005 1
0.57 -0.0005 1
0.6 -0.0005 1

0.63 -0.0005 1
0.67 -0.0005 1
0.7 -0.0005 1

0.73 -0.0005 1
0.77 -0.0005 1
0.8 -0.0005 1
0.83 -0.009 1
0.87 -0.009 1
0.9 0.9 1

I

I

I

I
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FT-01, Well MW-155 Falling Head 1
Time Head Change Unit ()

0 0.4731 1
0.03 0.0507 1
0.07 0.0253 1 ,4
01 0.0169 1
0.13 0.0169 1
0.17 0.0084 1

0.2 0.0084 1
0.23 0.0084 1
0.27 0.0084 1
0.3 0.0084 1
0.33 0.0084 1
0.37 0.0084 1
0.4 0.0084 1
0.43 0.0084 1
0.47 0.0169 1
0.5 0,0084 1

0.53 0.0084 1
0.57 0.0084 1

0.6 0.0169 1
0.63 0.0084 1
0.67 0.0084 1
0.7 0.0084 1
0.73 0.0169 1
0.77 0.0084 1 0
0.8 0.0169 1

0.83 0.0084 1
0.87 0.0084 1

0.9 0.0169 1
0.93 0.0084 1
0.97 0.0084 1

1 0.0169 1
1.03 0.0084 1
1.07 0.0169 1

1.1 0,0169 1
1.13 0.0169 1
1.17 0.0169 1
1.2 0.0169 1
1.23 0.0169 1
1.27 0.0169 1

1.3 0.0169 1
1.33 0.0084 1
1.37 0.0169 1
1.4 0.0169 1

• • • •• • •
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I

FT-O1, Well MW-155 Rising Head 1
Time Head Change Unit (g)

0 0.2451 1
0.03 0.0592 1
0.07 0.0423 1
0.1 0.0423 1
0.13 0.0338 1
0.17 0.0423 1
0.2 0.0338 1
0.23 0.0338 1
0.27 0.0338 1
0.3 0.0338 1
0.33 0.0338 1
0.37 0.0338 1
0.4 0,0338 1
0.43 0.0338 1
0.47 0.0338 1
0.5 0.0338 1
0.53 0.0338 1
0.57 0.0338 1
0.6 0.0338 1
0.63 0.0338 1
0.67 0.0338 1
0.7 0.0338 1
0.73 0.0338 1
0.77 0.0338 1 I O
0.8 0.0338 1
0.83 0.0338 1
0.87 0.0338 1
0o 0.0338 1
0.93 0.0254 1
0.97 0.0338 1

1 0.0338 1
1.03 0.0338 1
1.07 0.0338 1
1.1 0.0338 1
1.13 0.0338 1
1.17 0.0254 1
1.2 0.0338 1
1.23 0.0338 1
1.27 0.0338 1
1.3 0.0338 1

1.33 0.0338 1
1.37 0.0254 1
1.4 0.0338 1
1.43 0.0338 1

1.47 0.0338 1
1.5 0.0338 1
1.53 0.0338 1

D

S S 5 0 0 0 S 0 0



w
w

a. <
F- 0

LL- <

CLl I ) -2

...4) olLnc LU itfl >a, 3-.-.

020
0I

0
00

0

020

0 coo 0
4 10 0

10 0
0

I 0
0 4
0
0 OE

-0

00

0 

0

00

C ) 
0 0 0 S50



I

FT-01, Well MW-155 Rising Head 2
Time Head Change Unit

0 0.1436 1
0.03 0.0338 1
0.07 0.0253 1
0.1 0.0169 1
0.13 0.0084 1
0.17 0.0084 1
0.2 0.0084 1
0.23 0.0084 1
0.27 0.0084 1
0.3 0.0084 1
0.33 0.0084 1
0.37 0.0084 1
0.4 0.0084 1
0.43 0.0084 1
0.47 0.0084 1
0.5 0.0084 1
0.53 0.0084 1
0.57 0.0084 1
0.6 0.0084 1
0.63 0.0084 1
0.67 0.0084 1
0.7 0 1
0.73 0.0084 1
0.77 0 1 *
0.8 0.0084 1
0.83 0 1
0.87 0.0084 1
0.9 0.0084 1
0.93 0 1
0.97 0.0084 1

1 0 1
1.03 0.0084 1
1.07 0 1
1.1 0 1
1.13 0.0084 1
1.17 0 1
1.2 0.0084 1
1.23 0.0084 1
1.27 0.0084 1
1.3 0 1
1.33 0.0084 1
1.37 0.0084 1
1.4 0.0084 1
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FT-OI, Well MW-225 Falling Head 1
Time Head Change Unit

0 0.507 1
0.03 0.439 1
0.07 -0.051 1
0.1 0.084 1
0.13 0.152 1
0.17 0.186 1
0.2 0.194 1
0.23 0.211 1
0.27 0.211 1
0.3 0.211 1

0.33 0.211 1

0.37 0.22 1
0.4 0.22 1

0.43 0.22 1
0.47 0.22 1

0.5 0.22 1
0.53 0.22 1
0.57 0.22 1
0.6 0.22 1

0.63 0.22 1
0.67 0.228 1
0.7 0.228 1
0.73 0.22 1
0.77 0.228 1 P
0.8 0.22 1

0.83 0.228 1

0.87 0.228 1
0.9 0.22 1
0.93 0.228 1
0.97 0.228 1

1 0.228 1
1.03 0.22 1
1.07 0.22 1
1.1 0.22 1
1.13 0.228 1
1.17 0.228 1
1.2 0.22 1
1.23 0.22 1
1.27 0.22 1
1.3 0.228 1
1.33 0.22 1
1.37 0.228 1
1.4 0.228 1
1.43 0.228 1
1.47 0.228 1
1.5 0.228 1
1.53 0.228 1

.53. 0.22. 1
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FT-0I, Well MW-225 Rising Head 1
Time Head Change Unit

0 0.659 1

0.03 0.279 1
0.07 0.169 1
0.1 0.127 1

0.13 0.11 1
0.17 0.101 1

0.2 0.101 1

0.23 0.101 1
0.27 0.093 1

0.3 0.093 1
0.33 0.093 1
0.37 0.093 1

* 0.4 0.093 1
0.43 0.093 1
0.47 0.093 1
0.5 0.093 1
0.53 0.093 1
0.57 0.084 1

0.6 0.084 1
0.63 0.084 1
0.67 0.084 1

0.7 0.084 1
0.73 0.084 1

* 0.77 0.084 1
0.8 0.084 1

0.83 0.093 1
0.87 0.084 1

0.9 0.093 1

0.93 0.084 1
* 0.97 0.084 1

1 0.084 1
1.03 0.084 1

1.07 0.093 1
1.1 0.084 1

1.13 0.084 1
1.17 0.093 1
1.2 0.093 1

1.23 0.093 1
1.27 0.093 1

1.3 0.093 1
* 1.33 0.093 1

1.37 0.093 1
1.4 0.093 1

* D
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FT-01, Well MW-225 Rising Head 2
Time Head Change Unit

0 13.121 1
4 0.03 0.659 1

0.07 0.177 1
0.1 0.067 1
0.13 0.033 1
0.17 0.017 1

4 0.2 0.008 1
0.23 0 1
0.27 0 1
0.3 -0.009 1
0.33 -0.009 1
0.37 -0.009 1

4 0.4 -0.009 1

0.43 -0.009 1
0.47 -0.009 1
0.5 -0.009 1
0.53 -0.009 1
0.57 -0.017 1
0.6 -0.009 1
0.63 -0.009 1
0.67 -0.009 1
0.7 -0.009 1
0.73 -0.017 1

4 0.77 -0.017 1
0.8 -0.009 1
0.83 -0.009 1
0.87 -0.017 1
0.9 -0.017 1
0.93 -0.017 1

4 0.97 -0.017 1

1 -0.017 1
1.03 -0.009 1

1.07 -0.009 1
1.1 -0.009 1

S •••*•
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FT-0 1, Well MW-" Falling Head I
Time Head Change Unit

0 0.33 1

0.03 0.077 1
0.07 0.051 1

0.1 0.034 1

0.13 0.017 1
0.17 0.009 1
0.2 0.009 1
0.23 0.017 1
0.27 0.009 1
0.3 0 1
0.33 0.009 1
0.37 0.009 1
0.4 0 1
0.43 0 1
0.47 -0.008 1

0.5 0 1
0.53 0 1

0.57 0.009 1
0.6 0 1

0.63 0 1

0.67 0.009 1
0.7 0 1

0.73 0 1

0.77 -0.008 1 6
0.8 -0.008 1

0.83 -0.016 1
0.87 0.017 1
0.9 0.009 1
0.93 0.009 1

0.97 0.009 1
1 0.009 1

1.03 0.017 1
1.07 0.009 1

1.1 0 1
1.13 0 1

1.17 0.009 1
1.2 0 1

1.23 0 1

1.27 0.009 1
1.3 0 1

1.33 0.009 1
1.37 -0.025 1
1.4 -0.025 1

1.43 -0.025 1

1.47 -0.016 l
1.5 -0.016 1
1.53 -0.008 1

o o .0 0 . 0 0 S 0



I

AW FF-01, Well MW4' Falling Head 1
Time Head Change Unit

1.57 -0.008 1

1.6 -0.008 1
1.63 -0.016 1
1.67 -0.008 1

1.7 -0.016 1
1.73 -0.008 1

1.77 -0.016 1

1.8 -0.025 1
1.83 -0.025 1
1.87 -0.025 1

1.9 -0.025 1
1.93 -0.025 1
1.97 -0.025 1

2 0.017 1
2.03 0.017 1
2.07 0.017 1

2.1 -0.008 1
2.13 -0.008 1

2.17 -0.008 1

2.2 -0.016 1
2.23 -0.016 1

2.27 -0016 1

2.3 -0.016 1
2.33 -0.025 1

2.37 -0.016 1

2.4 -0.025 1
2.43 -0.025 1
2.47 -0.025 1
2.5 -0.016 1

2.53 -0.025 1

2.57 -0.016 1

2.6 -0.016 1
2.63 -0.016 1

2.67 -0.016 1
2.7 -0.016 1

2.73 -0.016 1

2.77 -0.016 1

2.8 -0.016 1

2.83 -0.016 1

2.87 -0.025 1

2.9 -0.025 1

2.93 -0.016 1

2.97 -0.016 1

3 -0.025 1
3.03 -0.016 1
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FT-01, Well MW-f Falling Head 2
Time Head Change Unit

0 0.153 1
0.03 0.06 1

0.07 0.034 1
0.1 0.026 1
0.13 0.009 1

0.17 0.009 1
0.2 0.009 1 S
0.23 0.009 1
0.27 0.009 1

0.3 0 1
0.33 0.009 1
0.37 0 1

0.4 0 1 3
0.43 0 1
0.47 0 1
0.5 0 1
0.53 0.009 1
0.57 0 1
0.6 0 1

0.63 0 1
0.67 0 1
0.7 0 1
0.73 0 1

* 0.77 0 1 0
0.8 0 1

0.83 0 1
0.87 0 1
0.9 0 1
0.93 0 1
0.97 0 1

1 -0.008 1
1.03 0 1
1.07 0 1
1.1 0 1

1.13 0 1 0

1.17 0 1
1.2 -0.008 1
1.23 0 1
1.27 0 1
1.3 0 1

1.33 -0.008 1 5
1.37 -0.008 1
1.4 0 1

1.43 0 1
1.47 -0.008 1
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FT-01, Well MW-I Rising Head I
Time Head Change Unit (

0 0.093 1
0.03 0.102 1
0.07 0.093 1 ,
0.1 0.085 1
0.13 0.076 1
0.17 0.076 1

0.2 0.068 1
0.23 0.076 1
0.27 0.076 1
0.3 0.068 1
0.33 0.059 1
0.37 0.051 1
0.4 0.051 1
0.43 0.051 1
0.47 0.051 1

0.5 0.043 1
0.53 0.034 1
0.57 0.043 1
0.6 0.034 1

0.63 0.034 1
0.67 0.034 1
0.7 0.034 1

0.73 0.026 1
0.77 0.026 1
0.8 0.026 1
0.83 0.017 1
0.87 0.017 1
0.9 0.026 1
0.93 0.017 1
0.97 0.017 1

1 0.017 1
1.03 0.017 1
1.07 0.009 1
1.1 0.009 1
1.13 0.009 1
1.17 0.009 1

1.2 0.009 1
1.23 0.009 1
1.27 0.009 1
1.3 0.009 1
1.33 0.009 1
1.37 0.009 1
1.4 0.009 1
1.43 0.009 1
1.47 0 1

1.5 0 1
1.53 0 1

SO . .......... O .. ..... ... 0 . ..... .. . . • -- O • O O
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FT-01, Well MW-, Rising Head 2

Time Head Change Unit
0 0.219 1

0.03 0.084 1
0.07 0.025 1
0.1 0 1

0.13 -0.009 1
0.17 -0.017 1
0.2 -0.017 1

0.23 -0.017 1
0.27 -0.009 1

0.3 -0.017 I
0.33 -0.017 1
0.37 -0.009 1
0.4 -0.009 1

0.43 -0.009 1
0.47 -0.009 1
0.5 -0.009 1

0.53 -0.009 1
0.57 -0.009 1
0.6 -0.009 1
0.63 -0.009 1
0.67 -0.009 1
0.7 -0.009 1

0.73 -0.009 1
0.77 -0.009 1
0.8 0 1
0.83 0 1
0.87 0 1
0.9 0 1
0.93 -0.009 1
0.97 0 1

1 0 1

I

0• • S. O 0 0 0 *
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FT-OI, Well MW-227 Falling Head I
Time Head Change Unit

0 2.256 1
0.03 2.087 1
0.07 2.205 1
0.1 2.171 1
0.13 2.146 1
0.17 2.112 1

0.2 2.095 1
0.23 2.07 1
0.27 2.044 1
0.3 2.019 1
0.33 2.002 1

0.37 1.977 1
0.4 1.96 1
0.43 1.934 1
0.47 1.918 1

0.5 1.892 1
0.53 1.867 1
0.57 1.858 1

0.6 1.833 1
0.63 1.816 1
0.67 1.799 1
0.7 1.782 1
0.73 1.766 1

4 0.77 1.749 1
0.8 1.732 1
0.83 1.715 1

0.87 1.698 1
0.9 1.681 1
0.93 1.664 1
0.97 1.647 1

1 1.639 1
1.03 1.622 1
1.07 1.605 1
1.1 1.588 1

4 1.13 1.571 1
1.17 1.563 1
1.2 1.546 1
1.23 1.537 1
1.27 1.52 1
1.3 1.504 1

1.33 1.487 1
1.37 1.478 1
1.4 1.47 1
1.43 1.453 1
1.47 1.444 1
1.5 1.428 1

1.53 1.411 1



* 
D

FT-0 1, Well MW-227 Falling Head I
Time Head Change Unit
1.57 1.402

6 1.6 1.385 1
1.63 1.377 1
1.67 1.368 1
1.7 1.351 1
1.73 1.343 1

* 1.77 1.326 1
1.8 1.318 1

1.83 1.309 1
1.87 1.301 1
1.9 1.284 1
1.93 1.275 1* 1.97 1.267 1

2 1.25 1
2.03 1.242 1
2.07 1.233 1
2.1 1.225 1

2.13 1.216 1
2.17 1.208 1
2.2 1.199 1
2.23 1.183 1
2.27 1.174 1
2.3 1.166 1

* 2.33 1.157 1
2.37 1.149 1
2.4 1.14 1
2.43 1.132 1
2.47 1.115 1
2.5 1.115 1

0 2.53 1.106 1
2.57 1.098 1
2.6 1.09 1

2.63 1.073 1
2.67 1.073 1

* 2.7 1.064 1
2.73 1.047 1
2.77 1.047 1
2.8 1.039 1
2.83 1.039 1
2.87 1.039 1

* 2.9 1.014 1
2.93 1.005 1
2.97 1.005 1

3 0.997 1
3.03 0.988 1
3.07 0.98 1
3.1 0.971 1

* 
SO••••

-- - - -- i 0 m m m m in 0 0 • . .



4 0

AV FT-01, Well MW-227 Falling Head I
Time Head Change Unit

4 3.13 0.963 1
3.17 0.954 1
3.2 0.954 1

3.23 0.946 1
3.27 0.937 1
3.3 0.929 1

4 3.33 0.921 1
3.37 0.921 1
3.4 0.912 1
3.43 0.904 1
3.47 0.895 1
3.5 0.895 1
3.53 0.887 1
3.57 0.887 1
3.6 0.87 1
3.63 0.87 1
3.67 0.861 1

4 3.7 0.853 1
3.73 0.853 1

3.77 0.845 1
3.8 0.836 1
3.83 0.836 1
3.87 0.828 1

4 3.9 0.828 1
3.93 0.811 1
3.97 0.811 1

4 0.811 1
4.03 0.794 1

4 4.07 0.794 1
4.1 0.785 1
4.13 0.785 1
4.17 0.777 1
4.2 0.768 1
4.23 0.768 1

4 4.27 0.76 1
4.3 0.76 1
4.33 0.752 1
4.37 0.743 1
4.4 0.743 1
4.43 0.743 1
4.47 0.735 1
4.5 0.726 1
4.53 0.726 1
4.57 0.718 1
4.6 0.718 1
4.63 0.718 1
4.67 0.709 1

4



4 S

FT-01, Well MW-227 Falling Head 1
Time Head Change Unit

4.7 0.701 1
4.73 0.701 1 5
4.77 0.692 1
4.8 0.692 1
4.83 0.684 1
4.87 0.676 1
4.9 0.676 1
4.93 0.676 1
4.97 0.676 1

5 0.667 1
5.03 0.667 1
5.07 0.659 1

* 5.1 0.65 1 5
5.13 0.659 1
5.17 0.65 1
5.2 0.65 1
5.23 0.642 1
5.27 0.633 1

4 5.3 0.633 1
5.33 0.625 1
5.37 0.625 1
5.4 0.625 1
5.43 0.616 1
5.47 0.616 1
5.5 0.616 1
5.53 0.608 1

5.57 0.608 1
5.6 0.6 1
5.63 0.6 1

I5.67 0.6 1I
5.7 0.591 1

5.73 0.583 1
5.77 0.583 1
5.8 0.583 1
5.83 0.583 1
5.87 0.574 1
5.9 0,574 1
5.93 0.574 1
5.97 0,566 1

6 0,566 1
4 6.03 0,566 1

6.07 0,557 1
6.1 0,557 1
6.13 0,549 1
6.17 0.549 1
6.2 0.549 1
6.23 0.54 1

4



J) FT-O 1, Well MW-227 Falling Head I
Time Head Change Unit
6.27 0.549 1 p
6.3 0.54 1

6.33 0.54 1
6.37 0.532 1
6.4 0.532 1

6.43 0.532 1
6.47 0.523 1
6.5 0.532 1

6.53 0.523 1
6.57 0.515 1
6.6 0.515 1

6.63 0.515 1
6.67 0.515 1
6.7 0.507 1

6.73 0.507 1
6.77 0.507 1
6.8 0.507 1

6.83 0.498 1
6.87 0.507 1
6.9 0.498 1
6.93 0.498 1
6.97 0.49 1

7 0.49 1
7.03 0.49 1
7.07 0.49 1
7.1 0.481 1
7.13 0.481 1
7.17 0.473 1
7.2 0.473 1 p
7.23 0.481 1
7.27 0.473 1
7.3 0.473 1
7.33 0.464
7.37 0.464 1
7.4 0.464 1
7.43 0.464 1
7.47 0.464 1
7.5 0.464 1

7.53 0.456 1
7.57 0.456 1
7.6 0.456 1
7.63 0.456 1
7.67 0.447 1
7.7 0.447 1
7.73 0.439 1
7.77 0.447 1
7.8 0.439 1

* * * * * 0 0 0 0



FT-O1. Well MW-227 Falling Head I
Time Head Change Unit

7.13 0.439 1
7.87 0.439 1

7.9 0.439 1
7.93 0,431 1
7.97 0.431 1

8 0.431 1

8.03 0.431 1
8.07 0.431 1

8.1 0.431 1
8.13 0.422 1

8.17 0.422 1
8.2 0.422 1

8.23 0.422 1
8.27 0.414 1

8.3 0.422 1
8.33 0.414 1
8.37 0.414 1
8.4 0.414 1
8.43 0.414 1
8.47 0.414 1

8.5 0.405 1
8.53 0.405 1
8.57 0.405 1
8.6 0.405 1

8.63 0.397 1
8.67 0.405 1
8.7 0.405 1
8.73 0.397 1
8.77 0.405 1
8.8 0.397 1
8.83 0.397 1

8.87 0.397 1
8.9 0.388 1
8.93 0.388 1
8.97 0.388 1

9 0.388 1
9.03 0.388 1
9.07 0.388 1
9.1 0.388 1

9.13 0.38 1
9.17 0.38 1
9.2 0.38 1
9.23 0.38 1
9.27 0.371 1
9.3 0.38 1
9.33 0.38 1
9.37 0.371 1

S • 0 0 0 9 0 0 0 0



4D

FT-O 1, Well MW-227 Falling Head 1
Time Head Change Unit
9.4 0.38 1

9.43 0.371 1

9.47 0.371 1
9.5 0.371 1

9.53 0.371 1
9.57 0.371 1

9.6 0.371 1
9.63 0.371 1

4 I

4 I

4 * E
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A FT-l 1, Well MW-227 Falling Head 2 6
Time Head Change unit

0 1.85 1

0.03 1.935 1
0.07 1.927 1

0.1 1.91 1

0.13 1.91 1

0.17 1.893 1

0.2 1.867 1

0.23 1.859

0.27 1.859 1

0.3 1.834 1

0.33 1.825 1

0.37 1.817 1

0.4 1.808 1

0.43 1.791 1

0.47 1.783 1

0.5 1.774 1

0.53 1.766 1

0.57 1.749 1

0.6 1.741 1

0.63 1.732 1

0.67 1.724 1

0.7 1.715 1

0.73 1.707 1

0.77 1.698 1 D

0.8 1.69 1

0.83 1.681 1

0.87 1.665 1

0.9 1.665 1

0.93 1.656 1

0.97 1.648 1

1 1.639 1

1.03 1.622 1

1.07 1.614 1

1.1 1.614 1

1.13 1.605 1 0

1.17 1.597 1

1.2 1.58 1

1.23 1.572 1

1.27 1.572 1

1.3 1.563 1

1.33 1.555 1

1.37 1.546 1

1.4 1.538 1

1.43 1.529 1

1.47 1.521 1

1.5 1.521 1

1.53 1.513 1

t • • •Q • •



I

FT-01, Well MW-227 Falling Head 2
Time Head Change Unit

1.57 1.504 1
1.6 1.496 1
1.63 1487

1.67 1.479 1
1.7 1.479 1
1.73 1.47 1
1.77 1.462 1
1.8 1.453 1
1.83 1.445 1
1.87 1.436 1
1.9 1.436 1

1.93 1.428 1
1.97 1.42 1

2 1.42 1
2.03 1.403 1
2.07 1.403 1
2.1 1.394 1
2.13 1.394 1

2.17 1.386 1
2.2 1.377 1
2.23 1.369 1
2.27 1.369 1
2.3 1.369 1
2.33 1.352 1 0
2.37 1.352 1
2.4 1.344 1
2.43 1.335 1
2.47 1.335 1
2.5 1.327 1
2.53 1.318 1
2.57 1.318 1
2.6 1.31 1
2.63 1.31 1

2.67 1.301 1
2.7 1.293 1 p

2.73 1.284 1
2.77 1.284 1
2.8 1.276 1

2.83 1.276 1
2.87 1.267 1
2.9 1.259 1
2.93 1.259 1
2.97 1.251 1

3 1.251 1
3.03 1.242 1
3.07 1.242 1
3.1 1.234 1

@ • •• Q •• •



FT-Ol, Well MW-227 Falling Head 2
Time Head Change Unit
3.13 1.225 1

3.17 1.234 1
3.2 1.217 1

3.23 1.217 1
3.27 1.208 1

3.3 1.208 1
3.33 1.2 1 5
3.37 1.2 1
3.4 1.191 1

3.43 1.191 1
3.47 1.183 1
3.5 1.175 1

3.53 1.175 1
3.57 1.166 1
3.6 1.166 1

3.63 1.166 1
3.67 1.158 1
3.7 1.158 1 5
3.73 1.149 1
3.77 1.149 1

3.8 1.141 1
3.83 1.141 1

3.87 1.141 1
3.9 1.132 1 5 0
3.93 1.132 1
3.97 1.124 1

4 1.124 1
4.03 1.124 1
4.07 1.115 1 p
4.1 1.107 1
4.13 1.107 1
4.17 1.107 1
4.2 1.098 1
4.23 1.098 1
4.27 1.09 1
4.3 1.09 1
4.33 1.082 1
4.37 1.082 1
4.4 1.073 1

4.43 1.073 1
4.47 1.073 1
4.5 1.065 1
4.53 1.065 1
4.57 1.056 1
4.6 1.056 1
4.63 1.056 1
4.67 1.048 1

O



FT-O 1, Well MW-227 Falling Head 2

Time Head Change Unit

4.7 1.048 1
4.73 1.039 1
4.77 1.039 1

4.8 1.039 1

4.83 1.031 1

4.87 1.031 1
4.9 1.031 1

4.93 1.022 1
4.97 1.014 1

5 1.014 1

5.03 1.014 1
5.07 1.014 1

5.1 1.006 1

5.13 1.006 1
5.17 1.006 1

5.2 0.997 1
5.23 0.997 1

5.27 0.989 1

5.3 0.989 1
5.33 0.989 1
5.37 0.989 1
5.4 0.989 1

5.43 0.98 1
5.47 0.972 1 I 0
5.5 0.972 1

5.53 0.972 1
5.57 0.972 1
5.6 0.963 1

5.63 0.963 1

5.67 0.963 1

5.7 0.963 1
5.73 0.955 1

5.77 0.955 1

5.8 0.955 1

5.83 0.955 1

5.87 0.946 1

5.9 0.946 1
5.93 0.938 1
5.97 0.938 1

6 0.938
6.03 0.938 1

6.07 0.93 1
6.1 0.93 1

6.13 0.921 1

6.17 0.921 1

6.2 0.93 1
6.23 0.921 1

_o_ ... ... • . ... .... 9_... ... • ._ 9 . • .. . .• . _ •



FT-01, Weli MW-227 Falling Head 2

Time Head ChangE Unit

6.27 0.921 1

6.3 0.921 1
6.33 0.913 1 A-

6.37 0.913 1

6.4 0.913 1

6.43 0.904 1

6.47 0.904 1

6.5 0.904 1

6.53 0.896 1

6.57 0.904 1
6.6 0.896 1

6.63 0.896 1

6.67 0.887 1

6.7 0.887 1

6.73 0.887 1

6.77 0.879 1

6.8 0.879 1

6.83 0.879 1

6.87 0.879 1

6.9 0.879 1

6.93 0.87 1

6.97 0.87 1
7 0.87 1

7.03 0.87 1

7.07 0.87 1

7.1 0.862 1

7.13 0.862 1

7.17 0.862 1
7.2 0.862 1

7.23 0.862 1

7.27 0.853 1

7.3 0.853 1

7.33 0.853 1

7.37 0.845 1

7.4 0.845 1

7.43 0.845 1

7.47 0.845 1

7.5 0.845 1
7.53 0.837 1

7.57 0.837 17.6 0.837 1
7.63 0.837 1

7.67 0.837 1

7.7 0.837 1

7.73 0.828 1
7.77 0.828 1

7.8 0.828 1

7.8• 0.82 1



Fr-O 1, Well MW-227 Falling Head 2
Time Head Change Unit
7.83 0.828 1
7.87 0.828 1
7.9 0.828 1
7.93 0.828 1
7.97 0.82 1

8 0.82 1
8.03 0.82 1
8.07 0.82 1
8.1 0.82 1
8.13 0.811 1
8.17 0.811 1
8.2 0.811 1
8.23 0.811 1
8.27 0.811 1
8.3 0.811 1
8.33 0.803 1
8.37 0.803 1
8.4 0.803 1
8.43 0.803 1
8.47 0.794 1
8.5 0.794 1
8.53 0.794 1
8.57 0.786 1
8.6 0.794 1
8.63 0.794 1
8.67 0.794 1
8.7 0.786 1
8.73 0.794 1
8.77 0.786 1
8.8 0.786 1
8.83 0.786 1
8.87 0.777 1
8.9 0.786 1
8.93 0.777 1
8.97 0.777 i 0

9 0.777 1
9.03 0.769 1
9.07 0.777 1
9.1 0.777 1
9.13 0.777 1
9.17 0.769 1 0

9.2 0.769 1
9.23 0.769 1
9.27 0.769 1
9.3 0.769 1
9.33 0.769 1 0
9.37 0.761 1

0



S OF FT-OI, Well MW-227 Falling Head 2
Time Head Change Unit

9.4 0.761
9.43 0.769

9.47 0.761
9.5 0.761
9.53 0.761
9.57 0.761 1
9.6 0.761 1
9.63 0.752 1
9.67 0.752 1
9.7 0.752 1
9.73 0.752 1

9.77 0.752 1
9.8 0.744 1
9.83 0.744 1

9.87 0.744 1
9.9 0.744 1
9.93 0.744 1
9.97 0.744 1

10 0.735 1
10.03 0.744 1
10.07 0.735 1
10.1 0.744 1

10.13 0.735 1
4 10.17 0.744 1

10.2 0.735 1
10.23 0.735 1
10.27 0.735 1
10.3 0.735 1

10.33 0.735 1
10.37 0.735
10.4 0.735 1
10.43 0,727 1
10.47 0.727 1
10.5 0.727 1
10.53 0.727 1

1057 0.727 1
10.6 0.727 1
10.63 0.727 1
10.67 0.718
10.7 0.718 1
10.73 0.727 110.77 0.718 1
10.8 0.718 1

10.8 .718

D
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A FT-01, Well MW-227 Rising Head 1
Time Head Change Unit

0 5.39 1
0.03 2.3482 1
0.07 2.2637 1
0.1 2.2468 1

0.13 2.2299 1
0.17 2.2215 1
0.2 2.2046 1
0.23 2.1961 1
0.27 2.1877 1
0.3 2.1792 1

0.33 2.1708 1
0.37 2.1624 1
0.4 2.1455 1

0.43 2.1455 1
0.47 2.137 1
0.5 2.1286 1

0.53 2.1201 1
4 0.57 2.1117 1

0.6 2.1032 1
0.63 2.0948 1
0.67 2.0863 1
0.7 2.0779 1

0.73 2.0779 1
0.77 2.0694 1
0.8 2.061 1

0.83 2.0525 1
0.87 2.0441 1
0.9 2.0441 1
0.93 2.0356 1
0.97 2.0272 1

1 2.0272 1
1.03 2.0103 1
1.07 2.0103 1
1.1 2.0018 1

* 1.13 1.9934 1 P
1.17 1.9934 1
1.2 1.9849 1
1.23 1.9765 1
1.27 1.968 1
1.3 1.9596 1

4 1.33 1.9596 1
1.37 1.9511 1
1.4 1.9511 1
1.43 1.9342 1
1.47 1.9342 1

4 1.5 1.9258 1 p
1.53 1.9173 1

4

p S•• S S S 5 0



FT-O1, Well MW-227 Rising Head I
Time Head Change Unit
1.57 1.9173 1
1.6 1.9089 1
1.63 1.9004 1
1.67 1.9004 1
1.7 1.892
1.73 1.892
1.77 1.8835 1
1.8 1.8751 1
1.83 1.8751 1
1.87 1.8666 1
1.9 1.8582 1
1.93 1.8582 1
1.97 1.8497 1
2 1.8413 1

2.03 1.8413 1
2.07 1.8328 1
2.1 1.8244 1

2.13 1.8244 1
2.17 1.8159 1
2.2 1.8075 1

2.23 1.8075 1
2.27 1.8075 1
2.3 1.7906 1
2.33 1.7906 1
2.37 1.7906 1
2.4 1.7821 1
2.43 1.7737 . 1
2.47 1.7737 1
2.5 1.7652 1
2.53 1.7568 1
2.57 1.7568 1
2.6 1.7483 1
2.63 1.7483 1
2.67 1.7399 1
2.7 1.7314 1
2.73 1.7314 1
2.77 1.723 1
2.8 1.7145 1
2.83 1.7145 1
2.87 1.7061 1
2.9 1.7061 1

2.93 1.6976 1
2.97 1.6976 1

3 1.6892 1
3.03 1.6807 1
3.07 1.6807 1 p

3.1 1.6723 1

4



5

FT-O 1, Well MW-227 Rising Head I

Time Head Change Unit

3.13 1.6723 1

3.17 1.6638 1
32 1.6638 1

3.23 1.6554 1
3.27 1.6469
3.3 1.6469 1
3.33 1.6385 1

3.37 1.6385 1

3.4 1.63 1
3.43 1.622 1

3.47 1.622 1

3.5 1.614 1

3.53 1.614 1

3.57 1.605 1

3.6 1.605 1

3.63 1.597 1

3.67 1.588 1

3.7 1.588 1
3.73 1.58 1
3.77 1.58 1

3.8 1.571 1

3.83 1.571 1

3.87 1.563 1

3.9 1.563 1 S
3.93 L.554 1

3.97 1.554 1
4 1.546 1

4.03 1.546 1

4.07 1.538 1

4.1 1.529 1

4.13 1.529 1

4.17 1.529 1

4.2 1.521 1

4.23 1.521 1

4.27 1.512 1 I
4.3 1.512 1

4.33 1.504 1

4.37 1.495 1

4.4 1.495 1

4.43 1.487 1

4.47 1.487 1

4.5 1.487 1

4.53 1.478 1

4.57 1.478 1

4.6 1.47 1

4.63 1.47 1

4.67 1.462 1

4 
I •••
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FT-O 1, Well MW-227 Rising Head 1
Time Head Change unit
4.7 1.462 1

f 4.73 1.453 1
4.77 1.453 1
4.8 1.445 1
4.83 1.445 1
4.87 1.436 1
4.9 1.436 1

4.93 1.436 1
4.97 1.428 1

5 1.428 1
5.03 1.419 1
5.07 1.419 1
5.1 1.419 1
5.13 1.411 1

5.17 1.402 1
5.2 1.402 1
5.23 1.394 1
5.27 1.394 1
5.3 1.385 1
5.33 1.385 1
5.37 1.377 1
5.4 1.377 1
5.43 1.369 1
5.47 1.369 1
5.5 1.369 1
5.53 1,36 1
5.57 1.36 1
5.6 1.352 1
5.63 1.352 1
5.67 1.343 1
5.7 1,352 1
5.73 1.343 1
5.77 1.335 1
"5.8 1.335 1
5.83 1.326 1
5.87 1.326 1

5.9 t 318 1
5.93 1--8 1
5.97 1 ¾09 1

6 1.309 1
4 6.03 1.309 1

6.07 1.301 1
6.1 1.301 1
6.13 1.293 1
6.17 1,293 1
6.2 1.293 1
6.23 1.284 1

4



• FT-OI, Well MW-227 Rising Head 1

Time Head Change Unit
6.27 1.284 1
6.3 1.276 1
6.33 1.276 1
6.37 1.267 1

6.4 1.267 1
6.43 1.267 1
6.47 1.259 1
6.5 1.25 1
6.53 1.25 1
6.57 1.25 1

6.6 1.242 1
6.63 1.242 1
6.67 1.242 1
6.7 1.233 1
6.73 1.233 1
6.77 1.233 1
6.8 1.225 1

6.83 1.216 1
6.87 1.225 1
6.9 1.216 1
6.93 1.216 1
6.97 1.208 1

7 1.208 1
4 7.03 1.208 1

7.07 1.208 1
7.1 1.2 1
7.13 1.191 1
7.17 1.191 1

7.2 1.191 1
7.23 1.183 1
7.27 1.183 1
7.3 1.174 1
7.33 1.174 1

7.37 1.174 1
7.4 1.166 1
7.43 1.166 1
7.47 1.166 1
7.5 1.157 1
7.53 1.157 1
7.57 1.149 1
7.6 1.157 1

7.63 1.149 1
7.67 1.149 1
7.7 1.149 1
7.73 1.14 1
7.77 1.132 1
7.8 1.132 1

4



Fr.0 1, Well MW-227 Rising Head 1
Time Head Change Unit
7.83 1.132 1
7.87 1.124 1
7.9 1.124 1
7.93 1.124 1
7.97 1.115 1

8 1.115 1
8.03 1.115 1
8.07 1.107 1
8.1 1.107
8.13 1.098
8.17 1.098
8.2 1.09
8.23 1.09
8.27 1.09
8.3 1.09
8.33 1.081
8.37 1.081
8.4 1.081
8.43 1.073
8.47 1.073
8.5 1.064
8.53 1.064
8.57 1.064
8.6 1.064
8.63 1.056
8.67 1.064
8.7 1.056
8.73 1.056
8.77 1.047
8.8 1.047
8.83 1.047
8.87 1.039
8.9 1,039

8.93 1.031
9.97 1.031

9 1.031
9.03 1.022
9.07 1.022
9.1 1.022
9.13 1.014
9.17 1.014
9.2 1.014
9.23 1.005
9.27 1.014
9.3 1.005
9.33 0.997
9.37 0.997



4
FT-01, Well MW-227 Rising Head 1 I

Time Head Change Unit
9.4 0.997 1
9.43 0.997 1
9.47 0.988 1
9.5 0.997 1

9.53 0.988 1

9.57 0.988 1
9.6 0.98 1

9.63 0.98 1
9.67 0.98 1
9.7 0.971 1
9.73 0.971 1
9.77 0.963 1
9.8 0.963 1
9.83 0.963 1
9.87 0.963 1
9.9 0.955 1
9,93 0.955 1
9.97 0.955 1

10 0.955 1
10.03 0.955 1
10.07 0.946 1
10.1 0.946 1

10.13 0.938 1
* 10.17 0.946 1

10.2 0.938 1
10.23 0.938 1
10.27 0.938 1
10.3 0.929 1

10.33 0.929 1
10.37 0.921 1
10.4 0.921 1

10.43 0.921 1
10.47 0.921 1
10.5 0.921 1
10.53 0.912 1

10.57 0.912 1
10.6 0.912 1

10.63 0.904 1
10.67 0.912 1
10.7 0.904 1

10.73 0.904 1
10.77 0.904 1
10.8 0.895 1
10.83 0.895 1
10.87 0.887 1

10.9 0.887 1
10.93 0.887 1

*0



FT-O 1, Well MW-227 Rising Head 1

Time Head Change Unit
10.97 0.879 1

11 0.879 1

11.03 0.879 1

11.07 0.879 1
11.1 0.879 1

11.13 0.879 1
11.17 0.87 1
11.2 0.87 1

11.23 0.87 1
11.27 0.862 1
11.3 0.862 1

11.33 0.862 1
11.37 0.853 1
11.4 0.853 1

11.43 0.853 1
11.47 0.853 1
11.5 0.853 1

11.53 0.845 1

11.57 0.845 1
11.6 0.845 1

11.63 0.836 1

11.67 0.836 1
11.7 0.836 1

11.73 0.836 1
11.77 0.836 1
11.8 0.836 1
11.83 0.828 1
11.87 0.828 1
11.9 0.828 1

11.93 0.828 1
11.97 0.819 1

12 0.819 1

12.03 0.819 1
12.07 0.811 1
12.1 0.819 1

12.13 0.811 1
12.17 0.811 1

12.2 0.811 1
12.23 0.811 1
12.27 0.802 1
12.3 0.802 1 I

12.33 0.802 1
12.37 0.802 1
12.4 0.802 1
12.43 0.802 1

12.47 0.794 1
12.5 0.794 1

0



p FT-O1, Well MW-227 Rising Head 1
Time Head Change Unit

12.53 0.794 1
12.57 0.786 1
12.6 0.786 1

12.63 0.786 1
12.67 0.786 1
12.7 0.777 1

12.73 0.777 1
12.77 0.777 1
12.8 0.777 1
12.83 0.777 1
12.87 0.769 1
12.9 0.769 1
12.93 0.769 1
12.97 0.769 1

13 0.769 1
13.03 0.76 1
13.07 0.76 1
13.1 0.76 1
13.13 0.76 1
13.17 0.752 1
13.2 0.76 1
13.23 0.752 1
13.27 0.752 1

* 13.3 0.752 1 * -
13.33 0.743 1

13.37 0.743 1
13.4 0.743 1
13.43 0.743 1
13.47 0.743 1
13.5 0.735 1
13.53 0.735 1
13.57 0.735 1
13.6 0.735 1
13.63 0.735 1
13.67 0.726 1
13.7 0.726 1

13.73 0.726 1
13.77 0.718 1
13.8 0.726 1

13.83 0.718 1
13.87 0.718 1
13.9 0.718 1
13.93 0.718 1
13.97 0.718 1

14 0.71 1
14.03 0.718 1
14.07 0.71 1

03



FT-O1, Well MW-227 Rising Head 1
Time Head Change Unit
14.1 0.71 1
14.13 0.71 1
14.17 0.71 1
14.2 0.71 1

14.23 0.71 1
14.27 0.701 1
14.3 0.701 1

14.33 0.701 1
14.37 0.693 1
14.4 0.693 1

I 0

• • • •• • •
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FT-01, Well MW-227 Rising Head 2
Time Head Change Unit

0 2.2808 1
0.03 2.247 1
0.07 2.2301 I
0.1 2.2132 1
0.13 2.1964 1
0.17 2.1879 1
0.2 2.171 1

0.23 2.1626 1
0.27 2.1541 1
0.3 2.1457 1

0.33 2.1372 1
0.37 2.1203 1
0.4 2.1119 1

0.43 2.1034 1
0.47 2.095 1
0.5 2.0865 1

0.53 2.0781 1
0.57 2.0696 1

0.6 2.0612 1
0.63 2.0527 1
0.67 2.0443 1
0.7 2.0358 1

0.73 2.0274 1
0.77 2.0189 1
0.8 2.0105 1

0.83 2.002 1
0.87 1.9936 1
0.9 1.9851 1
0.9? 1.9851 1
0.97 1.9682 1

1 1.9682 1
1.03 1.9598 1
1.07 1.9429 1

1.1 1.9429 1
1.13 1.9344 1
1.17 1.926 1

1.2 1.9175 1
1.23 1.9091 1
1.27 1.9091 1

1.3 1.9006 1
1.33 1.8922 1
1.37 1.8837 1
1.4 1.8753 1
1.43 1.8753 1
1.47 1.8584 1
1.5 1.8584 1
1.53 1.8499 1



AV FT-01, Well MW-227 Rising Head 2
gTime Head Change Unit

1.57 1.8415 1
1.6 1.833 1

1.63 1.8246 1

1.67 1.8246 1
1.7 1.8161 1

1.73 1,8077 1
1.77 1,7992 1
1.8 1.7908 1

1.83 1.7908 1
1.87 1.7823 1
1.9 1.7739 1

1.93 1.7739 1
1.97 1.7654 1

2 1.757 1

2.03 1.7485 1
2.07 1.7401 1
2.1 1.7401 1

2.13 1.7316 1
2.17 1.7316 1
2.2 1.7232 1

2.23 1.7147 1

2.27 1.7063 1
2.3 1.7063 1

* 42.33 1.6978 1
2.37 1.6894 1
2.4 1.6809 1
2.43 1.6809 1

2.47 1.6725 1
2.5 1.664 1

2.53 1.656 1
2.57 1.648 1
2.6 1.648
2.63 1.648
2.67 1.639 1
2.7 1.631 1

2.73 1.622 1
2.77 1.622
2.8 1.614 1
2.83 1.605 1
2.87 1.597 1
2.9 1.597 1
2.93 1.588 1
2.97 1.588 1

3 1.58 1
3.03 1.572 1
3.07 1.572 1
3.1 1.563 1

40



Fr-O1, Well MW-227 Rising Head 2

Time Head Change Unit
3.13 1.555 1
1317 1.546 1
3.2 1.546 1
3.23 1.538 1

3.27 1.538 1
3.3 1.521 1

* 3.33 1.521 1
3.37 1.521 1
3.4 1.512 1
3.43 1.504 1
3.47 1.504 1
3.5 1.496 1

* 3.53 1.487 1
3.57 1.487 1
3.6 1.479 1

3.63 1.479 1
3.67 1.47 1
3.7 1.462 1
3.73 1.453 1
3.77 1.453 1
3.8 1.453 1

3.83 1.436 1
3.87 1.445 1

0 3.9 1.436 1

3.93 1.428 1
3.97 1.419 1

4 1.419 1
4.03 1.419 1
4.07 1.411 1
4.1 1.403 1

4.13 1.403 1
4.17 1.394 1

4.2 1.386 1
4.23 1.377 1

* 4.27 1.377 1
4.3 1.369 1

4.33 1.369 1
4.37 1.369 1
4.4 1.36 1

4.43 1.352 1
• 4.47 1.352 1

4.5 1.343 1
4.53 1.343 1

4.57 1.343 1
4.6 1.327 1

0 4.63 1.327 1
4.67 1.327 1

0.. . • - • . • • • " • •-=- . • m• ,=



FT-01, Well MW-227 Rising Head 2
Time Head Change Unit

4.7 1327 1
4.73 1.31 1
4.77 1.31 1
4.8 1.301 1
4.83 1.301 1
4.87 1.301 1

4.9 1.284 1
4.93 1.284 1
4.97 1.284 1

5 1.276 1
5.03 1.276 1

5.07 1.267 1
5.1 1.267 1
5.13 1.259 1
5.17 1.259 1
5.2 1.25 1

5.23 1.25 1
5.27 1.242 1

5.3 1.234 1
5.33 1.234 1
5.37 1.234 1
5.4 1.225 1

5.43 1.217 1
4 5.47 1.217 1

5.5 1.217 1
5.53 1.208 1
5.57 1.208 1

5.6 1.2 1
4 5.63 1.2 1

5.67 1.191 1
5.7 1.191 1
5.73 1.183 1
5.77 1.183 1
5.8 1.174 1

4 5.83 1.174 1
5.87 1.166 1
5.9 1.166 1
5.93 1.158 1
5.97 1.158 1

6 1.158 1
6.03 1.149 1
6.07 1.149 1
6.1 1.141 1
6.13 1.132 1
6.17 1.132 1

4 6.2 1.132 1

6.23 1.124 1

Sq__o . .. • ... 2 _ • D • •



FT-01, Well MW-227 Rising Head 2

Time Head Change Unit

6.27 1.124 1
6.3 1.124 1
6.33 1.115 1
6.37 1.115 1
6.4 1.107 1
6.43 1.107 1
6.47 1.098 1
6.5 1.098 1

6.53 1.09 1
6.57 1.09 1
6.6 1.09 1

6.63 1.081 1
6.637 1.081 1

6.7 1.081 1
6.73 1.073 1
6.77 1.073 1
6.8 1.065 1
6.83 1.056 1

6.87 1.065 1
6.9 1.056 1

6.93 1.056 1
6.97 1.048 1

7 1.048 1

4 7.03 1.039 1
7.07 1.039 1
7.1 1.031 1
7.13 1.031 1
7.17 1.031 1
7.2 1.022 1

4 7.23 1.022 1
7.27 1.014 1
7.3 1.014 1
7.33 1.005 1
7.37 1.014 1
7.4 1.005 1
7.43 1.005 1
7.47 0.997 1
7.5 0.997 1
7.53 0.997 1
7.57 0.989 1

7.6 0.989 1
7.63 0.98 1
7.67 0.98 1
7.7 0.98 1
7.73 0.972 1
7.77 0.972 1

4 7.8 0.972 1

.



Fr-01, Well MW-227 Rising Head 2
Time Head Change Unit
7.83 0.972 1
7.87 0.%3 1
7.9 0.963 1
7.93 0.%3 1
7.97 0.955 1

8 0.955 1
8.03 0.946 1
8.07 0.946 1
&. 1 0.938 1
8.13 0.938 1
8.17 0.938 1
8.2 0.929 1
8.23 0.929 1
8.27 0.929 1
8.3 0.921 1
8.33 0.921 1
8.37 0.921 1
8.4 0.913 1
8.43 0.913 1
8.47 0.913 1
8.5 0.904 1

8.53 0.904 1
8.57 0.904 1
8.6 0.896 1

8.63 0.904 1
8.67 0.896 1
8.7 0.896 1
8.73 0.887 1
8.77 0.887 1
8.8 0.879 1

8.83 0.879 1
8.87 0.879 1
8.9 0.87 1

8.93 0.87 1
8.97 0.87 1

9 0.862 1
9.03 0.862 1
9.07 0.862 1
9.1 0.853 1
9.13 0.853 1
9.17 0.853 1
9.2 0.845 1
9.23 0.845 1
9.27 0.845 1
9.3 0.845 1
9.33 0.836 1
9.37 0.836 1



FT-O 1, Well MW-227 Rising Head 2

Time Head Change Unit
9.4 0.828 1
9.43 0.828 1
9.47 0.828 1

9.5 0.828 1
9.53 0.828 1
9.57 0.82 1
9.6 0.82 1

9.63 0.811 1
9.67 0.82 1
9.7 0.811 1

9.73 0.811 1
9.77 0.803 1
9.8 U.Sii I
9.83 0.803 1
9.87 0.794 1

9.9 0.794 1
9.93 0.794 1
9.97 0.794 1

10 0.786 1
10.03 0.786 1
10.07 0.777 1

10.1 0.777 1
10.13 0.786 1

* 10.17 0.777 1

10.2 0.769 1
10.23 0.769 1
10.27 0.769 1
10.3 0.769 1

10.33 0.769 1
S10.37 0.76 1
10.4 0.76 1

10.43 0.752 1
10.47 0.752 1
10.5 0.752 1

10.53 0.744 1

10.57 0.752 1
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Ref: 95-DK40\vg

November 27, 1995

Dr. Don Kampbell
* National Risk Management Research Laboratory

Subsurface Protection & Remediation Division
U.S. Environmental Protection Agency
P.O. Box 1198
Ada, OK 74820

4 THRU: S.A. Vandegrift• V

Dear Dr. Kampbell:

This report contains the results of my GC/MSD analysis of
Fairchild AFB core extracts for quantitation of benzene, toluene,

4 trichloroethene (TCE), tetrachloroethene (PCE), ethylbenzene
(EB), p-Xylene, ta-Xylene, o-Xylene, 1,3,5-trimethylbenzene
(l,3,5-TMB), 1,2,4-trimethylbenzene (l,2,4-TMB) and 1,2,3-
trimethylbenzene (1,2,3-TMB) (Service Request #SF-2-171).

The analytical method was a modification of RSKSOP-124.
4 9 Cool on-column injection (0.5 Al) was used with electronic

pressure control set for a constant flow of 0.9 ml/min. A 30m X
0.25mm Restek Stabilwax (Crossbonded Carbowax-PEG, 0.5gm film)
capillary GC column with 9" X 0.53 mm ID uncoated capillary
precolumn was used. The ions chosen were those listed in EPA
method 524.2 Revision 3.0. Standards calibration ranged from

4 0.01 to 300 Ag/ml. A complete report detailing the acquisition
method and calibration curve has been recorded. The samples were
extracted by Mark Blankenship on November 21, 1995, with GC/MSD
data acquisition on November 23, 1995.

If I can be of further assistance, please feel free to
4 contact me.

Sincerely,

4 David A ovacs

xc: R.L. Cosby
J.L. Seeley
G.B. Smith

4

MuATeCd EmrOa Resear Servic Crpraion

RS. Kerr Envlroment Reseavih LA , P.O. Bos 119,•919 Research Drive
a, o hoa7421-1189 40543-66 FAX405436-8501

0• ••, ,•••••-

a .. . . . . . . . . . . . . . .
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Ref: 96-JH20/vg
96-SH24/vg

March 13, 1996

Dr. Don Kampbell
National Risk Management Research Laboratory
Subsurface Protection & Remediation Division
U.S. Environmental Protection Agency
P.O. Box 1198
Ada, OK 74820

THRU: S.A. Vandegrift4V'

Dear Don:

Find attached results for TOC on a set of 9 soils received
from Fairchild AFB January 7, 1996 under Service Request #SF-2- 0
171 mod. 1. TOC results were done as per RSKSOP-102 and RSKSOP-
120.

True values are:

WP034 II true at 6.3 mg/L
Leco Std soil true at 1.00 * 0.04 % OC

If you have any questions concerning this data, please feel
free to contact us.

Sincerely,

Jeff Hickerson

Sharon Hightower

xc: R.L. Cosby
G.B. Smith

MaTech Fi ,mml einRj •aehrd Srv(ces * cC orpon

K.& Kirr &mmen Resech Lboo1rA y, P.O. Box 119, 919 8searh Drive
Ad2, Cklaho2 ,4821.11S9 405-436-80 FAX 405-43&8501

,0 . 0 0 0..q 0 0 . .... .. .. • ...



SR# SF-2-171
MOD I

ANALYSIS PERFORMED 12-7-96
SAMPLE %OC FILTRATES %OC SOUDS %TOC TOTAL MEAN %TOC

E"-58-1-4,1-1 0.142 0.171 0.313 0.289 4
ES-5B-1-4-1-2 0.138 0.129 0.265
ES-SB-2-4-1-1 0.511 0.572 1.08 1.084
ES-58-2-4-1-2 0.534 0.551 1.09
ES-5B-2-10-1-1 0.068 0.095 0.161 0.158 0
ES-5B-2-10-1-2 0.048 0.109 0.155
ES-58-3-4-1-1 0.835 1.68 2.52 2.61
ES-SB-3-4-1-2 1.03 1.68 2.71
ES-B,-3-8-1-1 0.769 0.755 1.524 1.84
ES-5B-3-8-1-2 0.870 0.893 1.763
ES, B4-4-1-1 0.481 0.378 0.859 0.887

ES-58-4-4-1-2 0.462 0.413 0.875
ES-5B-4-8-1-1 0.488 0.358 0.848 0.81
ES-5B-4-8-1-2 0.445 0.329 0.774
ESMP-25-8-1-1 0.000 0.032 0.032 0.025
ESMP-25-6-1-2 0.000 0.023 0.023
ESMP-25-6-1-3 0.005 0.016 0.021
ESMP-35-4-1-1 0.231 0.258 0.489 0.478
ESMP-35-4-1-2 0.208 0.278 0.486

WPO34-11 6.2 mg/L
8.4 mg/L *

LECO 1.01
1.01
1.01
1.01

P

I

I

Page 1

•0 0 0 • 0 0 0 0
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Ref" 95-LP172/vg
95-CH79/vg

November 21, 1995

;Dr. Don Karpbell
National Risk Management Research Laboratory
Subsurface Protection & Remediation Division
U.S. Environmental Protection Agency
P.O. Box 1198
Ada, OK 74820

THRU: S.A. Vandegrifta$%J

Dear Don:

Attached are the results of 24 Fairchild AFB samples submitted
to ManTech as part of S.R. #SF-2-171. The samples were received on
November 8 and 9, 1995 and analyzed November 9 and 16. The methods
used for analysis were EPA Method 353.1, 350.1, and Waters
capillary electrophoresis Method N-601. Quality assurance measures

* performed on this set of samples included spikes, duplicates, known 0
AQC samples and blanks.

If you have any questions concerning these results please feel
free to contact us.

Sincerely,

Lynda Pennington

Cherri Heard

xc: R.L. Cosby
J.L. Seeley
G.B. Smith 9'

S

MmTec Emuom*aib Rosearch Seavices cpao

&.S. Krkr bE w l Researh lwboraoq, P.O. Box 1198,919 Reseac Drve
Akb, dahoma74821.119 405436660 FAX 405-436501

0 - ý •0 - 0 0 0..



4A

0
mg/L mg/L mg/L mg/L

FES-GP-I 1.96 6.53 1.17 0.19
FES-GP-2 2.nl 7.02 1.51 <0.05FES-GP-4 1.86 9.40 2.39 <0.05FMW-3 2.32 0.84 <0.05 0.23FMW-52 1.40 7.10 2.57 <.05FMW-52 Field Dup 1.40 6.86 2.28 <.05
rFMW-52 Field Dup R6q 1.37 6.85
FMW-53 94.0 6.37 1.75 <.05FMW-61 1.47 8.93 <0.05 <.05FMW-61 Dup <0.05 <.05FMW-151 1.75 '7.28 '0.05 <.05FMW-152 2.33 0.80 <0.05 2.24FMW-154 2.28 17. 1 -1.39 <.05FMW-1 3.23 9.34 0.26 <.05FMW-2 1.86 5.29 0.60 <.05FMW-4 1.93 7.82 1.77 <.05FMW-4 Dup 1.91 7.86
FMW-49 13.6 1.77 0.10 0.27FMW-50 4.03 13.1 1.03 -z.05FMW-59 5.34 6.94 1.41 <.05FMW-590 -1.43 <.05FMW-100 2.79 5.08 0.13 -<.05* FMW-15.) 2.04 6.1! 0.07 <.05FMW-155 2.20 A '7 0.30 <.05FMW-156 2.15 21.6 --. 0
FMW-156 Dup 2.09 21.7
FMW-225 2.76 6.60 <0.05 0.41FMW-226 2.25 3.83- <0.05 0.33FMW-227 1.91 3.43 <0.05 0.12Blank <.5 <.5 <.05 <.05AQC 60.6 21.4 6.00 8.71AQC T.V. 59.2 22.0 6.02 8.80Spike Rec. 100% 101% 102% 98%
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Ref: 95-JH77/vg

November 28, 1995

Dr.' Don Kampbel*l
National Risk Management Research Laboratory
Subsurface Protection & Remediation Division
U.S. Environmental Protection Agency
P.O. Box 1198
Ada, OK 74820

THRU: S.A. Vandegrift;'q

Dear Don:

Find attached results for methane, ethylene, and ethane on
samples received November 8 and 9, 1995 under Service Request #SF-
2-171. Samples were prepared and calculations done as per RSKSOP-
175. Analyses were prepared as per RSKSOP-147.

If you have any questions concerning this data, please feel *
free to contact me.

Sincerely,

Jeff Hickerson

xc: R.L. Cosby
J.L. Seeley
G.B. Smith

aTeda FbmmnmuI R c Salmcs om mpor=n

RI & ar Z= Mft Researh ,kbormo, P.O. Box 1196,919 Rearch Drtve
Ada, OMahoua74821-1189 40"5.4 FAX405-436-8501

__ . 0 • • . . . 0



SR# SF-2-171

ANALYSIS PERFORMED 11-9-95
SAMPLE METHANE ETHYLENE ETHANE

LAB BLANK BLO ND ND A
FMW-1 0.003 ND ND
FMW-2 BLO ND ND
FMW-4 BLQ ND ND
FMW-49 0.120 ND ND
"FIELD DUP 0.106 ND ND
"LAB DUP 0.095 ND ND

ANALYSIS PERFORMED 11-22-95
SAMPLE METHANE ETHYLENE ETHANE

LAB BLANK BLO ND ND
BLANK LABEL BLO ND ND
FMW-3 15.04 0.017 ND
FMW-52 BLO ND ND
FMW-53 BLO ND ND
"FIELD DUP BLO ND ND
FES-GP-1 0.983 BLO ND
FES-GP-2 0.004 ND ND
FES-GP-4 BLO ND ND
"FES-b-s -5 Fi--P-3 BLO ND NDFMW-50 0.001 ND ND 0 0• •LAB DUP 0.001 ND ND
FMW-59 BLO ND ND
FMWQ_&- FANkv -&1 0.001 ND ND
FMW-1 00 0.028 ND BLQ
FMW-151 0.000 ND ND
FMW-1 52 19.06 BLO ND
"FIELD DUP 19.03 BLO ND
FMW-153 0.454 ND ND
FMW-154 BLO ND ND
FMW-1 55 0.046 ND ND
FMW-1 56 0.004 ND ND
FMW-225 0.181 ND ND
FMW-226 1.45 ND ND
FMW-227 4.19 ND ND
"LAB DUP 4.04 ND BLQ
10 PPM CH4 10.00 NA NA
100 PPM CH4 100.05 NA NA
1000 PPM CH4 1000.23 NA NA
1% CH4 1.04 NA NA
10% CH4 10.00 NA NA
10 PPM C21-14 NA 10.17 NA
100 PPM C2H4 NA 99.98 NA
10 PPM C2H6 NA NA 10.18
100 PPM C2H6 NA NA 99.98

Page 1 I
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SR# SF-2-171

LIMITS OF QUANTITATION.
METHANE ETHYLENE ETHANE

0.001 0.003 0.002

SAMPLE UNITS ARE mg/L.
STANDARDS UNITS CORRESPOND
TO THE SAMPLE COLUMN.

BLQ DENOTES BELOW LIMIT OF QUANTITATION
ND DENOTES NONE DETECTED.
NA DENOTES NOT ANALYZED.

P 2

p

Page 2

S 0 0 0 0 0



Ref: 95-DF70

Nov. 28, 1995

Dr. Don Kampbell
R.S. Kerr Environmental Research Lab
U.S. Environmental Protection Agency
P.O. Box 1198
Ada, OK 74820

THRU: S.A. Vandegrift'?

Dear Don:

As requested in Service Request SF-2-171, GC/MS analysis for
phenols and aliphatic/aromatic acids was done on triplicate water
samples from two well sites, FMW-3 and FMW-52, at Fairchild AFB.
One of the triplicate samples was preserved with H2 SO4. A second
was preserved with 10% Na3PO4 and the third was provided without
preservation. Derivatization of the sample was done by Amy Zhao on
Nov. 22, 1995. The extract was analyzed by GC/MS on Nov. 22 - 23,

# 1995. RSKERL SOP 177 was used for the extraction, derivatization * 0
and GC/MS analysis of the samples.

Table I provides the concentrations of the phenols and
aliphatic/aromatic acids found in the Fairchild AFB samples.
Please note that the calibration curve for benzoic acid could not
be used due to high background levels of benzoic acid in the
derivatization blank.

Comparison of the Na 3PO4 and H2SO4 preserved samples with the
unpreserved sample indicates that there is good agreement for the
levels of trimethylacetic acid, 3,3-dimethylbutyric acid and 2-
ethylhexanoic acid found in sample FMW-3. However, there is a hint
of a problem indicated with the use of Na3PO4 as a preservative.
The levels of phenol, o,m-ethylphenol, 2,4-, 3,5- and 2,3-
dimethylphenol are lower in the Na3PO4 preserved sample than in the
unpreserved sample. Within the next few weeks spiked water samples
will be prepared and preserved with Na3PO4 and H2SO4. Comparisons
with unpreserved samples will be made at several concentration
levels to determine if phenol levels are effected by Na 3PO4
preservation.

Six extracted ion chromatograms showing the 143 m/z ion are
provided to show the presence of C aliphatic acids in these
samples. The levels of these acids are not dependent on whether
the water sample is preserved or unpreserved. This also indicates

MuTahl E aIoftnl R~eser Savces Coqion-ioa

RS. Kwr Emirmmmu Research lahboaiLq, p.o. Box 1198,919 Researd Drive
AdOldahOma74821-11•9 405-43& 0 Fx405-43

_ 0 . .. 0 .. .... o_.. ... 0. . 0 0 0



that the acids are not an artifact of preservation. For sample
FMW-3 these acids are the largest peaks in the chromatogram.

If you should have any questions, please feel free to contact
me.

sincerely,

Dennis D. Fine

xc: J. Seeley
G. Smith
R. Cosby
J. Wilson

S

* 0

S

S

• • • •• • •
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/ Table L. Quantittie~ RePat dftd OC DO" I&F Phoead. mod AIMPhdi 0,a1 A90000116 Acdd.
V.. samplos.o F. Pluhid AFD (Saud..Raqmaet S-21-172).

CUouwirmaom ppbs

FMiW-3 FMiW-3 FMW-3 FMW-62 FMW-62 FUW-52 Utm0dar
Hb~Aaaesirm NmhP04AdM H104 kd lbs ftmfhd MWO4 Added 1,01104 Add or*(~

I PROPANOICACIDPFPS 13 31 10 14 24 11 6
2 2-METKIL.POPANOr. ACID f- ... 3 is -. NY.

3 TFUMETIM vACETIC ACID- P~F 12 11 11 0 15

4 SUTrftC ACDI - PFF8 -S - -

5 2-UEDMRLSUTI1IC ACID - PFB ... NP. .... N. NP.

* 3-UEThtLSUVYIIC ACID - PFF - -. P. ... N. NP.F

7 3.3-DIMEThYLBUTYR1IC ACID - FF9 26 23 23 7 a I NP.

a PEHTAHIC ACID - FF .. 4. . . . .

B 21 -DIMETHYLBUTYlIC ACAO - FF9 .... N. NY. N.P. H.P.

10 2 -ETN'9UTFURC ACIDO- F8 N.P. N.P. H.F. NY. N.P. NP. NY..

I I 2-METH'VLPEHTANOIC ACID - FF9 N.P. N.P. N.. NF. NP. NP. NH..

12 3-METHYLPEHTANOIC ACID - PFB N.P. H.P. N.P. N.. N.P. NP. NY..

I3 4-METHYLPENTANOIC ACID - FF9 HNP. HNP. HN. HN. N.F. HN. NY..

14 HEXANOC ACID - P8 5 7.. .. 5..

I5 2 -METH'VUI9XANOIC ACID -FF0 H.P. H.P. NYP. HN. N.P. N.P. H.P.

IS PHENOL - FP 15 ... 32....

17 CYCLOPEHTANECAR9OXYLUC ACID FF8 H.P. H.P. H.P. N.P. H.P. H.P. H.P

I8 5-METHVUIEXANCIC ACID - PFS NP. H.P. H.P. H.P. H.P. H.P. H.P

19 o-CRESCL. - FF9 H.P. NP. H.P. H.P. HNP. HN. HY.P

20 2-ETKYLNEXANOIC ACID - FF9 550 449 476 . . . .

21 HEPTANOIC ACID - PFF9. . ...... ..

22 m-CRESOL - FP H.P. H.P. H.P. H.P. H.P. H.P. H.P

23 a -CR ESOL - FF8 H.P. H.P. H.P. H.P. H.P. H.P. HY.P

24 1 -CYCLOPENTEHE-1 -CARBOXLIC ACID -PFB H.P. H.P. H.P. H.P. H.P. N. H.P

25 o-ETHYLPHENOI. - PF9 13 HY.P.... H.P. H.P. H.P.

26 CYCL.OPENTAHE-ACETIC ACID - FF8 H.P. H.P. H.P. H.P. H.P. H.P. H.P

27 2,8-DIMETHYLPHENOL - PF9 . NH. .... HNP. H .P

28 2.5-OIMETHfLPHENOL - FF9 H.P N. HNP. 5 H.P. H.P. NH.P

29 CYCLOMEXANECAR13CXYIC ACID - FF9 H.P. H.P. H.P. N.P. H.P. H..HF. NY.

30 3-CYCLOHEXENE-1 -CAR9OXYLUC ACID - PFF NY. HNP. HNP. NY. HN. HNP. H.P

31 2.4-DIMETHYLPHENOL - FF 122 7 135 30 HNP. 0 NH.P

32 3,5 -OIMETHYLPHEHOL & M-ETHYLPHEHQ.. - 0,FS 23 12 27 7 HY.P.. H.P.

33 OCTANDIC ACID0 - PFS ..._____..._____..._____ ..._____ ..._____ ..._____ ...__

34 2.3-OIMETh'YLPt1ENO4 - FF9 11 11 ... HY... HY.P

35 p-ETHYLHENCI. - PFF N.P. 5 HNP. 5 HNP. N.. NH.P

36 BENZOC ACIDO- FP9________________________________

37 3,4-DIMETHYLPt1EHOL - FF9 .... P. H.F. NP. HNP. HNP. NH..

30 m -METIIYt9EHZOIC ACID - PFF ... P. H.P . H.P. NP. HY.P

39 1l-CYCLOHIDCEHE-1 -CARSOXflJC ACID - P9g H.N. H.F. N.P. NF. HN. H.P. H.P

40 CYCLOHEXAEACETIC ACID - FF9 HNP. HNF. HN. NF. H.P. NF. H.P

41 2z-PHEHYLPROPAHCIC ACID - PFG H.P. NF. NY. NY. N.P. NP. HY.P

42 a -METH'fL.EHZO4C ACID - FF9 H. . .. F. N.P. HN. H.P.

43 PHENYLACETIC- ACID - FF9 .. 4. .

44 m -TOLYLACETIC ACID - FF9 5 6 9 a 9 HF.

45 a-TOLYtACEXTI ACID -FPF9 . . . . . . HF.

46 2,8 -OIMETHYLBEHZOIC ACID -FPF9 . . .. ... HY.P

47 p -TOLVLACE1C ACIDO- FF 6 .. 6 6 9 HF.

46 p -METHYL9ENZOIC ACID - FF9 H.FN.. .HF N. HF. HF.

49 3-PHENYI.PROPAHOIC ACID - FF9 N.P. HF. H.P. NY. N.P. NY. HF.

50 2,5 -OIMETH'VtBENZOIC ACID - FF9 6 6. HF. .... N.4

51 DECAHOIC ACID -FPF8 H. . . ...... N.P

52 2.4 -DIMETHYLBEHZOIC ACID -FPF9 . .. .. NY.

53 3.5-DIMETHYLBENZOOC ACID - FF0 .. H....FY . .HFY.

54 2.3-OIMETKYLBEHZOIC ACID - FF8 .. HF . ...... N.

55 4-ETH'fL.EHZOIC ACID - FF8 HN. HNP. NP. NP. HNY. H.P. Hf.

56 2.4.6 -TFIME1HYL.9EHZOC ACID - FF9 7 5 6 a 5 NYH.

57 3.4 -DIMETHYLBEHZOIC ACID -PF13 5 aH...... 4F
56 2.4.5 -TPIMEDMOl.EHZCIC ACID - FF 5 HF . . .... N.

Indicats that ft. mitatbio curv. for benizek acid Is unusable due to ben~zoic c.ddcr C InallMonfdi bs f1 d6Ofiblnk.

Indicala. concentation oi xlract was bae.low ad1 c~alirton standard (5 ppbl.

HF. Indic~ats not found.



Ref: 95/JAD61

November 30, 1995

Dr. Don Kampbell
R.S. Kerr Environmental Research Lab
U.S. Environmental Protection Agency
P.O. Box 1198
Ada, OK 74820

THRU: S.A. VandegriftJ

Dear Don:

As requested in Service Request I SF-2-171, headspace GC/MS
analysis of 24 Fairchild AFB water samples for chlorinated
volatiles was completed. The samples were received on November 9,
1995 and analyzed on November 22, 1995. RSKSOP-148 (Determination
of Volatile Organic Compounds in Water by Automated Headspace Gas
Chromatography/Mass Spectrometry (Saturn II Ion Trap Detector) was
used for this analysis. *

An internal standard calibration method was established for
the 9 compounds. The standard curves were prepared from 1.0 to
2000 ppb. The lower calibration limits were 1.0 ppb.

A quantitation report for the samples, lab duplicates, field
duplicates, QC standards and lab blanks is presented in table 1-2.

If you should have any questions, please feel free to contact
me.

Sincerelys, , 6

onlAllen Daniel

xc: R.L. Cosby
G.B. Smith
D.D. Fine
J.L. Seeley
J.T. Wilson

NinTed &MromTen Researd Serices CorporAim

R.& Forr &miai Reseanrda uborm , P.O. Bo i I , g919 Research Drive •
Ada, Oldahoma 74821-1199 405436-8660 FAX 405436-8501

S 0 0 • 0 0 0 0 0 0
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Ref: 95-LP167/vg
95-MB15/vg

November 16, 1995

Dr. Don Kampbell
Rý.S. Kerr Environmental Research Lab
U.S. Environmental Protection Agency
P.O. Box 1198
Ada, OK 74820

THRU: S.A. Vandegrift'?"

Dear Don:

Attached are results of time-sensitive analyses done on
groundwater samples taken at Fairchild AFB November 6, 7, and 8,
1995 as required by Service Request #SFTA-2-72. The analyses were
done using meters, H2S Hach Kit and Chemetrics Kits for phenol and
manganese that were provided to us by Mike Cook and yourself.

Quality control consisted of checking meters daily before
analyzing samples using provided check standards. If you have any 0
questions concerning this data, please feel free to contact either
of us.

Sincerely,

Lynda Pennington

Mark Blankenship

xc: R.L. Cosby
J.L. Seeley
G.B. Smith

M=Tech Emwrmenmd Research Ser4ices Corporaboc

U.5. Kerr a Mroamenl tResrch laboryin , P.O. Box 1196,919 Researc Drive
Ada, OWabom 74821-1189 405-43VA 8 FAX 405-43•-8501

. ... • 0 *
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APPENDIX B.2

MAY 1996 GROUNDWATER ANALYTICAL DATA

L:\45018\FT-I-REP\APPCOVS.DOC

4 S S 9 0 0 * •
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Ref: 96-SH55/vg

June 7, 1996

Dr. Don Kampbell

National Risk Management Research Laboratory
Subsurface Protection & Remediation Division
U.S. Environmental Protection Agency
P.O. Box 1198
Ada, OK 74820

THRU: S.A. Vandegrifti'4

Dear Don:

Attached are TOC results for 14 Fairchild liquids submitted
June 6, 1996 under Service Request #SF-2-208. Sample analysis
was begun June 6, 1996 and completed June 6, 1996 using RSKSOP-

* 102 and RSKSOP-120.

Blanks, duplicates, and AQC samples were analyzed along with
your samples, as appropriate, for quality control. If you have
any questions concerning this data, please feel free to ask me.

Sincerely,

•Sharon Hight

xc: R.L. Cosby
G.B. Smith
J.L. Seeley 4

ManTech Environunenal Research Services Corporaion

R.S. Kerr Environtental Research Laboratory, P.O. Box 1198,919 Research Drive
Ada, Oklahoma 74821-1189 405436-8660 FAX 405436-8501

.



KAMPBELL FAIRCHILD LIQUIDS SF-2-208

SAMPLE MG/L TOC

FFT-GPC 48.9
FMW-2 1.27
FMW-3 5.71
FMW-4 9.90
FMW-5 5.98
FMW-6 14.4
FMW-7 2.67
FMW-8 6.50
FMW-8 DUP 6.74
FMW-9 2.16
FMW-10 2.53
FMW-11 2.92
FMW-12 3.55
FMW-ID 11.0
FMW-15 13.1
WP034-I 19.22-

WP034-I std. t.v.=19.0

* * .... 0o.. • 0 0 0 0 0
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Ref: 96-JH59/vg

June 10, 1996

Dr. Don Kampbell
National Risk Management Research Laboratory
Subsurface Protection & Remediation Division
U.S. Environmental Protection Agency
P.O. Box 1198 S
Ada, OK 74820

THRU: S.A. Vandegriftsv

Dear Don:

Find attached results for methane and ethylene on samples
received June 3, 1996 from Fairchild under Service Request #SF-2-
208. Samples were prepared and calculations done as per RSKSOP-
175. Analyses were performed as per RSKSOP-147. 3 0

If you have any questions concernin this data, please feel
free to contact me.

Sincerely, p

Jeff Hickerson
S

xc: R.L. Cosby
G.B. Smith
J.L. Seeley•

S

p

M2nTech En-i ma l Research Services Corporation

R.S Kerr Enironmentl Research .. boraorv, P.O. Box 1198,919 Research Dne
Ada, Oklahoma7 4821-1189 405438660 FAX 405436-8501 p

S 0 0 9 0 •0 * 0



SR# SF-2-208
FAIRCHILD ,

ANALYSIS PERFORMED 6-5-96

SAMPLE METHANE ETHYLENE
p

LAB BLANK BLQ NO
FFT-GPC 15.87 ND
FMW-1D 0.011 BLQ
FMW-1S 0.013 BLQ
FMW-2 BLQ ND
"LAB DUP BLQ ND 0
FMW-3 0.125 ND
FMW-4 0.001 ND
FMW-5 0.060 ND
FMW-6 1.87 ND
FMW-7 0.010 ND
"FIELD DUP 0.010 ND
FMW-8 0.001 ND
FMW-9 BLQ ND
FMW-10 BLQ ND
FMW-11 BLQ ND
FMW-12 BLQ ND a
"LAB DUP BLQ ND
10 PPM CH4 10.00 NA
100 PPM C2H4 100.05 NA
1000 PPM CH4 1000.14 NA
1% CH4 1.00 NA

*10% CH4 9.44 NA I 0
20% CH4 20.26 NA
10 PPM C2H4 NA 10.14
100 PPM C2H4 NA 99.99

LIMITS OF QUANTITATION.
METHANE ETHYLENE

0.001 0.003

SAMPLE UNITS ARE mg/L.
STANDARDS UNITS CORRESPOND
TO THE SAMPLE COLUMN.

BLO DENOTES BELOW LIMIT OF QUANTITATION.
ND DENOTES NONE DETECTED.
NA DENOTES NOT ANALYZED.

P

Page 1I

0 0 S 0 0 0 0 0 0



S

FAIRCHILD AIR FORCE BASE
BUILDING 1212 SITE

5-29-96

Sample TOC D.O. Redox pH Sulfide Ferrous Alk. Well
ft. mg/L mV mg/L Iron mgCaCO 3

mg/L /L 6

FMW-9 6.5 7.2 +120 7.06 <.1 <.1 640 2" clear

FMW-l0 6.1 3.7 +119 6.94 <.l <.l 580 2" clear

FMW-11 5.6 1.3 +116 6.77 <.1 <.l 620 2" clear

FMW-7 7.20 7.5 +110 6.78 <.1 <.1 580 2" clear

FMW-8 12.4 7.3 +74 7.16 ND ND ND 2" muddy

FMW-4 8.87 8.0 +94 6.73 <.l <.1 620 2" clear

FMW-12 10.4 8.7 +87 7.02 <.1 <.1 340 2" clear

FMW-6 7.34 1.1 +5.0 6.67 <.1 3.2 1160 2"turbid

FMW-5 6.64 0.8 -121 6.40 0.2 0.9 440 2" clear

FMW-15 6.7 3.4 +30 6.87 <.I <.1 920 2" cle 6 S

FMW-3 ND 0.7 -3.9 6.58 0.1 3.0 540 2"turbid

5-30-96

FMW-lD ND 4.2 +149 6.85 <.1 <.i 560 2" clear

FMW-2 ND 8.9 +91 7.32 <.1 <.i 440 2" clear

FMW-GPl ND 8.3 ND 9-1 ND ND ND hole
muddy

FMW-GP2 ND 6.9 ND 7.6 ND ND ND hole
muddy
BTEXXXBTM.
only

FFT-GPC ND 0.5 -97 7.1 0.2 20.5 1260 GP-turbic

S

S

• • • •. •• • •
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Ref: 96\LB45

June 20, 1996

Dr. Don Kampbell
National Risk Management Research Laboratory
Subsurface Protection and Remediation Division
U.S. Environmental Protection Agency
P.O. Box 1198
Ada, OK 74820

THRU: S.A. Vandegrift S

Dear Don:

Please find attached the analytical results for Service
Request SF-2-208 requesting the analyr is of Fairchild AFB
groundwater samples to be analyzed by purge-and-trap/GC-FID:PID for
Benzene, Toluene, Ethylbenzene, p-, m-, & o-Xylene, 1,3,5-, 1,2,4-,
& 1,2,3-Trimethylbenzene, and Total Fuel Carbon. We obtained the
17 groundwater samples, all but one in duplicate, in capped, 40 mL

* VOA autosampler vials on June 6, 1996, and they were analyzed on '
June 6, 1996. The samples were acquired and processed using the
Millennium data system. A 5 place (1-1000 ppb) external standard
curve was used to quantitate sample concentration for the compounds
of interest.

RSKSOP-133, "Simultaneous Analysis of Aromatics and Total Fuel
Carbon by Dual Column-Dual Detector for Ground Water Samples" was
used for these analyses. Autosampling was performed using a
Dynatech Precision autosampler system in line with a Tekmar LSC
2000 concentrator.

Sincerdly,

Lisa R. Black

xc: R.L. Cosby
G.B. Smith
J.T. Wilson
J.L. Seeley $

MlmTech bEmwm ReIar So%= Copoado

XS. Kef ..EnvromenWd ReemP d E , , P.O. ft i 96, 919 Reseatdh DrIe
Ada,, Olaow 74821-1189 405436%66• FAX 4054364501

* * S S 9 0 0 0 0 0
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Ref: 96-TH34/vg
96-LP68/vg
96-JD25/vg

June 11, 1996

Dr. Don Kampbell
National Risk Management Research Laboratory
Subsurface Protection & Remediation Division
U.S. Environmental Protection Agency
P.O. Box 1198
Ada, OK 74820

T' S.A. Vandegrift'3!

L Don:

Attached are the results of 14 Fairchild AFB samples
submitted to MERSC as part of Service Request #SF-2-208. The
samples were received June 4, 1996 and analyzed June 5, 1996.
The methods used for analysis were EPA Methods 353.1 for NO2 and 0
NO3, 120.1 for Conductivity and Waters capillary electrophoresis
Method N-601 for Cl and SO4 . Quality assurance measures
performed on this set of samples included spikes, duplicates,
known AQC samples and blanks.

If you have any questions concerning these results, please
feel free to contact us.

Sincerely,

Tim Hensley

Lynda Pennington

Justin Daniel

xc: R.L. Cosby
G.B. Smith
J.L. SeeleyJ( M uTech Emrwuenl Research Services Corpo railon

R.& Kerr Emvirog•uenal Research Laboratory, P.O. Box 1198,919 Research Drive
Ma, Oklahoma 74821-189 405-436-8660 FAX405436-8501

0 .. ........... 0 ...... __0. . ,o 0 ... 0 0 0 _ 0



*

pmg/i mg/i zmg/i AS/Chm3

FFT-GPC <. 05 3.25 <.5 542

FMW-1D .08 5.91 6.87 340

FMW-1S <.05 8.85 6.86 524

FMW-1S Dup <.05

FMW-2 8.42 103 24.4 668

FMW-3 .27 53.9 8.02 553

FMW-4 .23 7.82 18.1 406

FMW-5 <.05 4.21 3.63 269

FMW-5 Dup 4.16 3.60

FMW-6 .08 16.0 18.4 621

FMW-6 Dup 620

FMW-7 .26 6.49 13.6 380

FMW-7 Dup .27

FMW-8 1.72 7.85 59.8 396

FMW-9 2.11 8.02 25.1 424

FMW-10 1.35 6.87 30.7 383

FMW- I1 .92 6.32 5.37 392

FMW-12 .62 10.4 21.3 266

Blank <.05 <.5 <.5 1 *
AQC .38 56.3 52.2

AQC T.V. .39 56.0 52.0

Spike Rec. 99% 101% 103%

D 6

* 0

D 0

,_ ....... . _ .. . .. • . ... .? .-- .2 . . . ? . , o .... 0 .. .
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Ref: NV120/vg

June 10, 1996

0 4

Dr. Don Kampbell

National Risk Management Research Laboratory

Subsurface Protection & Remediation Division

U.S. Environmental Protection Agency

P.O. Box 1198
Ada, OK 74820

THRU: J.L. Seeley.

Dear Don: D

Attached is the metal analysis report (4489.LST) for 4
samples (Fairchild AFB) submitted to MERSC as part of Service
Request #56 under EPA Contract #68-C3-0322. The samples were
received on June 3, 1996 and analyzed June 3 and 4, 1996. The 0
samples did not received any further treatment and they were
analyzed using the ICAP system. GF-AAS was used for lead
determinations and results are in report PB60603.Lis;2. SOP for
the ICP, GF-AAS and sample calculations were according to the
procedure and instructions provided by Mr. Don Clark. 4

If you have any questions, please feel free to contact me.

Sincerely,

*4

Nohora Vela

xc: R.L. Cosby

R. Puls

*4

ManTech Environmenal Research Services Corporation

R.S. Kerr Emironmeni Research Labor-ory, P.O. Box 119, 919 Research Drive
a,, Oklahoma ".82 1-I 189 40543866- FAX 405436-8501 4

- .20 0 0
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Ref: 96-DF37

June 18, 1996

Dr. Don Kampbell
National Risk Management Research Laboratory
Subsurface Protection and Remediation Division
U.S. Environmental Protection Agency
P.O. Box 1198
Ada, OK 74820
THRU: S.A. VandegriftlL

Dear Don:

As requested in Service Request SF-2-208, GC/MS analysis for
base/neutral extractable semi-volatile compounds was done on one
water sample from the Fairchild AFB labeled FMW-1D. The sample
was received on June 3, 1996. Extraction of the samples was done
by Mark Blankenship on June 4, 1996. The extract was analyzed by
GC/MS on June 14, 1996. EPA method 8270A with the modifications P 0
listed below was used for this analysis.

After the pH of one liter of each water sample was adjusted
to slightly above 11.0 with 1ON NaOH, it was extracted three
times with 60 ml aliquots of methylene chloride. After the
methylene chloride fraction was passed through a Na2 SO4 column, P
it was concentrated using the Savant Concentrator to a final
volume of 1.0 ml.

For qualitative analysi-, the Hewlett Packard 7673 auto-
injector delivered 1.0 il of the methylene chloride extract of
sample FTA-2-95 with splitless injection to a 60 meter, 0.25 mm
DB5-MS capillary column with 0.25 Am film thickness. The column
was temperature programmed from 400C to 100 0 C at 30*C/min and
then to 300 0C at 6 0C/min. The Finnigan 4615 GC/MS was scanned
from 39 to 650 m/z in 0.5 sec.

Attached please find chromatograms of the base/neutral
extract of the Fairchild sample. The extract contained high
levels of the aromatic compounds ranging from xylenes to methyl

I

ManTech E•ironmental Research services corporation

R.S. Kerr Environmental Research Liboratory, P.O. Box 1198. 919 Research Drive

Ada, Oklahoma 74821-1189 405-436-8660 FAX 405-436-8501

. .

S .......... .. 0 = = ~ n 0l 0 l 0 - 4



naphthalenes. Three dimethylphenols and two benzenemethanol
compounds were also found in the extract.

If you should have any questions, please feel free to S
contact me.

Sincerely,

Dennis D. Fine I
xc: J. Seeley

G. Smith
R. Cosby
D. Fine

D

D

I

I
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APPENDIX C

MODEL CALCULATIONS AND INPUT

L:\450!8\FT-!-REP\APPCOVS.DOC
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MEAN ERROR, MEAN AVERAGE ERROR, AND ROOT-MEAN-SQUARE
ERROR FOR THE CALIBRATED FLOW MODEL

FT-01
REMEDIATION BY NATURAL ATTENUATION TS

FAIRCHILD AIR FORCE BASE, WASHINGTON

Actual Calibrated

Location Water Level Water Level h=-h. abs(h.-h.) (h.-h.)2

MW-I 2395.6 2395.8 0.19 0.19 0.04
MW-2 D
MW-3 2395.5 2395.5 0.01 0.01 0.00
MW-4 2395.7 2396.0 0.27 0.27 0.07
MW-49 2394.4 2394.5 0.13 0.13 0.02
MW-50 2394.7 2394.5 -0.23 0.23 0.05
MW-148 2396.9 2397.0 0.06 0.06 0.00
MW-152 2395.2 2395.1 -0.09 0.09 0.01 0
MW-153 2395.0 2394.9 -0.07 0.07 0.00
MW-155 2395.2 2395.2 -0.04 0.04 0.00
MW-225 2394.6 2394.5 -0.11 0.11 0.01
MW-226 2394.8 2394.5 -0.28 0.28 0.08
MW-227 2395.0 2394.8 -0.14 0.14 0.02
ITotal: 28742.6 28742.3 -0.30 1.62 0.31

Mww= -0.02

MAEC/= 0.14

RMSde= 0.16 4.050 fiel VMS /C
PIPcCW7'

"a Water levels are in feet mean-sea-level.

b' ME = Mean Error =l/n x (h,.-h,).

MAE = Mean Average Error = l/n x 1(h,-h.)I.

dl RMS = Root-Mean-Square (RMS) Error = (1/n x (hj-h,)2)0 .1

I

L:A45022Uaabkes\WATSTAT.XLS

10/10/96 11:06 AM
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APPENDIX D

BIOPLUME II MODEL RESULTS

L:\45OIS\Vr-I-REP\APPCOVS.DOC


